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0  INTRODUCTION

Several industrial applications require controlled force 
for handling materials or machining tasks in which the 
end effector is in contact with the piece or equipment. 
In most cases, position/trajectory control is required 
at the same time as contact force control. Assembly 
of mechanical components, polishing and grinding 
of complex pieces, milling, and endurance tests are 
some examples for which there are demands for force-
controlled actuators in substitution to manual work [1] 
and [2].

As discussed in [3], the problem of force control 
is more complex than the problem of position control, 
which often makes its practical implementation more 
difficult. In contrast, to force control systems, the 
dynamics of the load is not included in the closed-
loop in the case of positioning systems, and thus good 
performance and disturbance rejection are more easily 
achieved.

One way to overcome the inherent problems 
associated with force control systems is by increasing 
the compliance. System compliance can be 
controlled or modified in active or passive ways [4] 
and [5]. Active compliance is obtained with force-
based feedback control (software), allowing more 
flexibility to perform tasks for which compliance is 
required. Typically, this approach requires additional 
measuring for control and collision detection [6]. In 

contrast, passive compliance is typically obtained 
by introducing mechanical elastic components 
(hardware) between the actuator and the environment. 
This approach enables energy storage, and it is 
appropriate for safety applications [7]. The series 
elastic actuator (SEA) represents one well-known 
example of a passive compliance actuation system 
[8]. This kind of actuator has been applied to robotics 
and biomechanics due to its simplicity and good 
performance in force control [9] and [10]. In an SEA, 
a spring is placed between the actuator and the load, 
providing good force fidelity, low output impedance, 
and shock tolerance capability. However, the system 
bandwidth is reduced due to the use of this compliant 
element [8].

In addition to the use of a spring to increase 
the system compliance and improve the system 
performance, researchers have employed a spring as 
a simplified representation of the load. Good force 
responses have been obtained using control techniques 
such as nonlinear PD (proportional-derivative), 
fuzzy PID (proportional-integral-derivative), QFT 
(quantitative feedback theory), and backstepping [11] 
to [14]. References [15] and [16] included additional 
load motion measurements in order to cancel the 
disturbance characteristic and obtain better force 
tracking.

In contrast, the fluid compressibility in 
hydraulic actuators introduces a spring effect that is 
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characterized by the hydraulic stiffness. This can be 
shaped by using hydraulic capacitive components 
such as flexible hoses or accumulators. The use of 
accumulators connected to the cylinder chambers has 
been described in conference papers and patents [17] 
to [19]. However, these publications do not take into 
account the mathematical modelling to determine 
the hydraulic compliance needed to achieve the 
force control requirements and select the hydraulic 
capacitive component.

In this context, the present paper introduces a 
pure hydro-elastic actuator (PHEA) that uses only 
hydraulic components to reduce the transmission 
stiffness. Mathematical modelling and analysis are 
carried out, and a procedure for sizing the required 
hydraulic components in order to increase the 
compliance is determined. Instead of accumulators, 
the use of hoses with high volumetric expansion 
(HVE) is investigated.

Considering the effects of compliance addition 
and the possible parametric variations of the system, 
this paper considers the use of a robust controller 
based on the quantitative feedback theory (QFT) 
technique [20]. Furthermore, the load is assumed to 
be continuously in contact with the actuator, and the 
load-displacement acts as a disturbance over the force 
control system.

The following section provides a brief description 
of the hydraulic force control system. The nonlinear 
and linear modelling is presented in Section 2 
followed by the proposed method for determining the 
hydraulic stiffness. The force controller based on the 
QFT technique is then designed, and simulation and 
experimental results are discussed. The last section 
presents the conclusions.

1  THE FORCE CONTROL SYSTEM

A hydraulic actuation system is very stiff due to the 
low fluid compressibility. Direct contact between the 
cylinder and the load would cause the entire system 
to be stiffer, and even a small control signal sent to a 
servovalve could generate large force variations due 
to the high open-loop gain.

Reference [21] emphasizes the advantages of 
including a spring in a force control system. In [8], 
the procedure of the spring selection for the SEA 
was improved by using two types of linear actuators: 
an electromechanical and a hydraulic actuator. In 
both cases, the introduction of a compliant element 
between the actuator and the load decreases the output 
impedance. Additionally, the measurement of the 

spring compression is used to calculate indirectly the 
force applied over the load (Fig. 1a).

Fig. 1.  Compliance addition in a hydraulic force system using a) 
spring and b) HVE hoses

The use of the spring limits the rate of the force 
applied by the hydraulic actuator, ensuring some 
degree of isolation between the hydraulic system 
and the movement of the load (environment) and 
maintaining a stable and robust applied force.

The use of a hydraulic compliant component 
instead of a spring is proposed. Fig. 1b shows an 
option using high volumetric expansion (HVE) hoses 
between the servovalve and cylinder. The use of 
accumulators instead of hoses could also be possible 
for similar purposes.

2  MATHEMATICAL MODELING

Two mathematical models are explained in this 
section: a nonlinear model, which is used for 
simulation in order to obtain force responses; and a 
linear model, used for the controller design and hose 
sizing. Both models are based on Fig. 1b.

2.1  Nonlinear Modelling of the Hydraulic System

2.1.1  Servovalve Modelling

In the design of the hydraulic circuit, a symmetrical 
servovalve is used (Fig. 2) [22]. The dynamic 
relationship between the input control signal (UC) and 
the spool displacement, represented by an equivalent 
voltage (UCsp), can be approximated by a second-
order function:

 U
U
t

U
t

UC

nv

Csp v

nv

Csp

Csp

d

d

d

d
= + +

1 2
2

2

2ω
ξ
ω

,  (1)

where ωnv is the natural frequency of the valve and ξv 
represents the damping ratio of the valve.

The flow rate through the valve, including the 
effects of internal leakage can be described by the 
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following equations [23], where a control signal range 
of –10 V to +10 V is assumed:
• for UCsp ≥ 0:

q K
U
U

K p p K p pv v v vA p

Csp

Cn

inp S A inp A T= +








 − − − , (2)

q K
U
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K p p K p pv v v vB p
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inp B T inp S B= +








 − − − ,  (3)

• for UCsp < 0:

 

q K
U
U

Kv p p

K p p

v v v

v

A p

Csp

Cn

inp A T

inp S A

= − +












−

+ − ,  (4)

 

q K
U
U

K p p

K p p

v v v

v

B p

Csp

Cn

inp S B

inp B T

= − +












−

+ − ,  (5)

where qvA and qvB are the flow rates at ports A and B, 
respectively; pA and pB are the pressures in lines A and 
B, respectively; pS and pT represent the supply and the 
reservoir pressures, respectively; UCn is the nominal 
control signal. Kvp is the partial flow coefficient of 
the valve; and Kvinp is the internal partial leakage 
coefficient.

Fig. 2.  Flow rates and pressures at the servovalve

2.1.2 Cylinder Modelling

Considering Fig. 3 and applying the continuity 
equation for each cylinder chamber yields:

 q A
x
t

V p
tvA A

p A

e

A
d

d

d

d
= +

β
,  (6)

and

 q A
x
t
V p

tvB B

p B

e

B
d

d

d

d
= −

β
,  (7)

where AA and AB are the piston areas in chambers 
A and B, respectively; xp represents the piston 
displacement, and βe is the effective bulk modulus.

Fig. 3.  Variables and parameters of the cylinder

The displacement of the rod can be modelled 
using Newton’s second law:

 F F F M
x
tH fr e

pd

d
− − =

2

2
,  (8)

where FH = pAAA·– pBAB is the hydraulic force, Ffr 
represents the friction force, Fe is the applied force, 
and M is the piston mass. In turn, the force applied 
over the load can be represented as:

 F K x xe S p L= −( ),  (9)

such that KS is the load cell stiffness and xL represents 
the load displacement.

2.2  Linear Modelling of the Hydraulic System

2.2.1  Servovalve Modelling

The flow rate through the valve (Eqs. (2) to (5)), 
linearized for any UCspi and pLi, can be represented as:

 q K U K pv q i iC U Csp c L= − ,  (10)

where:

    K
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and
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 (12)

such that KqUi is the flow-voltage gain at operating 
point i; Kci the flow-pressure coefficient at operating 
point i; pL = pA – pB the load pressure; and qvC the 
control flow rate considered as the average of the qvA 
and qvB.
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2.1.2  Cylinder Modelling

Since the total variation of volume is the same for 
the two chamber volumes, it is possible to substitute 
VA and VB in Eqs. (6) and (7) with the parametric 
uncertainty V. This approach is suitable for the use of 
the quantitative feedback theory (QFT). Therefore, the 
hydraulic stiffness (KH) can be generalized as:

 K A
V

A
V

A
VH

e A

A

e B

B

e u= + =
β β β2 2 22

,  (13)

and the linear model of the symmetrical cylinder 
results:

 q A
x
t

A
K

p
tvC u

p u

H

L
d

d

d

d
= +

2

,  (14)

where Au = AA = AB is the useful area of the piston.
The friction force is a nonlinear function of 

velocity and can be described by a variable viscous 
friction coefficient ( fv) [24]. This coefficient can 
be considered as an uncertain parameter, and this 
assumption allows the motion equation to become 
linear, yielding:

 A p f
x
t

F M
x
tvu L

p

e

pd

d

d

d
− − =

2

2
.  (15)

2.3  Open Loop Transfer Function

For the open-loop (OL) transfer function, the values 
of KqUi and Kci are considered to be evaluated at null 
operating point (i = 0), where UCsp0 = 0, qvC0 = 0, and 
pL0 = 0.

Combining Eqs. (1), (9), (10) and (14) with (15), 
the OL transfer function that relates the output force 
(Fe) to the input control signal (UC) and the load 
displacement (xL) is:
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where:
a0 = ωnv2Kc0KHKS,
a1 = ωnv2Au2(KH + KS) + Kc0KH(2ξvωnvKS + ωnv2fv),
a2 = 2ξvωnvAu2(KH + KS) + ωnv2Au2fv + 

Kc0KH(2ξvωnvfv + ωnv2M + KS),
a3 = 2ξvωnvAu2fv + ωnv2Au2M + Kc0KH(2ξvωnvM + fv) 

+ Au2(KH + KS),
a4 = 2ξvωnvAu2M + Au2fv+ Kc0KHM,
a5 = Au2M,
b0 = ωnv2Au2KH + ωnv2fvKc0KH,

b1 = 2ξvωnvAu2KH + ωnv2Au2fv + Kc0KH(2ξvωnvfv + 
ωnv2M),

b2 = 2ξvωnvAu2fv + ωnv2Au2M + Au2KH + 
Kc0KH(2ξvωnvM+fv),

b3 = 2ξvωnvAu2M + Au2fv + Kc0KHM,
b4 = Au2M,
c0 = AuKHKqU0KSωnv2.

3  SELECTION OF THE HYDRAULIC HOSE

In this section, a procedure for sizing the hydraulic 
hose required to add hydraulic compliance to the 
system is proposed. It consists of a few analytical 
expressions that allow the selection of commercial 
HVE hoses in a simple way. To demonstrate its 
effectiveness, dynamic responses using the nonlinear 
model as well as experimental results are reported in 
Section 5.

3.1 Selecting the Desired Hydraulic Stiffness

Based on Eq. (16), and expressing the input control 
signal UC(s) as G(s)(Fref (s) – Fe(s)), where G(s) and 
Fref(s) represent the controller transfer function and 
the reference force, respectively, the closed-loop (CL) 
transfer function results in:

 

F s G s N s
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N s
D s G s N s
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L

( )
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( ) ( ) ( )
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( ) ( ) ( )

=
+

−
+

1

1

2

1

(( ),s  (17)

where:
N1(s) = c0, 
N2(s) = KS (b4s4 + b3s3 + b2s2 + b1s + b0) s,
D(s) = a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0.

The first part of Eq. (17) determines the system 
performance in response to a reference force. The 
second part of Eq. (17) describes how the system 
behaves when a disturbance input XL(s) occurs. 
Therefore, it is related to the output impedance 
and can be considered as a measure of the system’s 
capability against external disturbances.

The hydraulic stiffness KH affects both parts 
of Eq. (17) as reported below. Therefore, the hose 
selection will be based on a trade-off between 
performance and disturbance rejection.

3.1.1  Output Impedance

The output impedance can be analysed considering the 
transfer function Fe(s)/XL(s) presented in the second 
part of Eq. (17). The presence of a zero at the origin 
introduces an implicit disturbance rejection. However, 
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based on the initial value theorem, an initial overshoot 
equal to the equivalent stiffness (KHKS/(KH+KS)) 
times a disturbance amplitude is expected.

Therefore, increasing the rejection capability 
against load movement requires that KH is as low as 
possible. Nevertheless, this value must be greater than 
or equal to the hydraulic stiffness required to achieve 
the required performance, which is discussed next.

3.1.2  Desired Tracking Control Ratio

An approximation of the first part of Eq. (16) 
expressed by first and second order terms can be 
written as:
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where:
d0  = (KH + KS)/M,
d1  = fv/M,
e0  = ωnv2,
e1  = 2ξvωnv,
Keq  = KSKH/(KS+KH), representing the equivalent 

stiffness.
The first term is equivalent to a linear modelling 

of the open-loop system neglecting mass, friction 
and valve dynamics. The middle term is related to 
Newton’s second law including the effect of the 
hydraulic stiffness. Finally, the last term represents the 
servovalve dynamics.

It is noteworthy that, using the parameters 
presented in the Appendix, Eq. (18) is an almost 
exact approximation of Eq. (16), with a maximum 
difference between curves of 0.2 dB in magnitude and 
0.003º in phase.

The open loop poles of Eq. (18) are shown in 
Table 1. for different hydraulic stiffness values for 
which KHn corresponds to the nominal stiffness when 
using rigid pipes (instead of hoses). The real pole 
related to the hydraulic subsystem is –Kc0Keq/Au2, 
and it is dominant over the other two complex poles. 
This fact becomes more noticeable as the hydraulic 
stiffness is reduced. The damped natural frequency of 
the mechanical subsystem is loosely influenced by the 
hydraulic stiffness variation.

Due to the dominance of the real pole, the first 
term in Eq. (16) can be substituted by the first order 
term in Eq. (18) and the corresponding closed-loop 
transfer function is:

F s
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Table 1. Pole locations for different values of KH

KH [N/m]

Hydraulic 
dynamics 
K K A

s K K A
qU0 eq u

c eq u

/

/+( )0
2

Mechanical  
dynamics  
d

s d s d
0

2
1 0+ +( )

Servovalve 
dynamics 

e
s e s e

0

2
1 0+ +( )

KHn = 1.5×107 –2.963 –11.6 ± 2.93 ×103i –989 ± 479i

0.1 KHn –0.336 –11.4 ± 2.75 ×103i –989 ± 479i
0.01 KHn –0.034 –11.4 ± 2.73×103i –989 ± 479i

A desired tracking control ratio for the system can 
be specified by:

 F s F s K sde ref SS( ) / ( ) / ( ),= +τ 1  (20)

where KSS is the steady-state gain, and τd is the desired 
time constant.

Comparing Eqs. (19) and (20) and assuming a 
proportional controller, a correlation between the 
required hydraulic stiffness and the proportional gain 
(Kp) can be obtained:

 K K A
K K A K K Ad p q

H
S u

S c0 u U0 u

=
+ −

2

2τ ( )
.  (21)

3.2  Selecting a Commercial Hydraulic Hose

The hose diameter can be calculated based on the 
maximum flow rate (qvmax) and the recommended 
fluid velocity in the hose (voil) according to:

 D q vvho oil
= 4

max
/ .π  (22)

Hose manufacturers recommend using fluid 
velocities of 2 m/s to 4 m/s for pressure lines [25] 
and [26]. Given that Au = AA = AB, the maximum and 
minimum values for hydraulic stiffness (KH) can be 
expressed by:

 

K
A A L V
V A L V
x x L

Hmax
e u u ho

ho u ho

p p

 

 at  or 

=
+( )
+( )

⇒ = =

β 2 2

0 ,  (23)
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2β
,  (24)

where Vho represents the volume of oil trapped in the 
hose coupled to each cylinder chamber, and L is the 
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piston stroke. For simplification, henceforth Eq. (24) 
will be used for the calculation of KH.

The effective bulk modulus can be represented as:

 β
β β
β β

β β
β βe

ho

ho

² hoSS

² hoSS

=
+

=
+

0

0

0

0

r
r

,  (25)

where βo is the fluid bulk modulus, βho represents the 
dynamic hose bulk modulus, βhoSS is the static hose 
bulk modulus, and rβ is the ratio βho/βhoSS.

According to [27], the hose bulk modulus 
changes during the system operation, i.e., dynamic 
bulk modulus (βho) is higher than static bulk modulus 
(βhoSS) due to a phenomena called dynamic hardening. 
Those authors state that the rβ is about 4 to 5 for nylon 
braid hoses, which is the case of the HVE hoses used 
in this paper.

According to the experimental results presented 
in [27], the static hose bulk modulus can be expressed 
by:

 βhoSS
ho

ho ho

ho
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p
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,  (26)

where ΔVho represents the change in the hose volume, 
V0ho is the initial volume of the hose, and p is the 
working pressure.

This equation can be rewritten in order to 
calculate βhoSS as a function of hose catalogue data, 
yielding:

 β
ε

π

εhoSS
ho ho

=
+( )

=
+( )A E D E2 4

4
,  (27)

where E represents the volumetric expansion of the 
hose, defined as ΔVho/Lho, being Lho the hose length; 
Dho is the hose diameter, and ε corresponds to dE/dp.

E is a parameter determined at the working 
pressure (p), and ε can be assumed constant for 
a specific hose, corresponding to the slope of 
straight lines in graphs of E versus p provided by 
manufacturers [25] and [26]. Combining Eqs. (24), 
(25) and (27) yields:

L
A r D E

D K r D E
A L
Dho

u ² ho

ho H ² ho

u

ho

=
+( )

+ +( )( )
−

8 4

4 4

2
2

0
2

2
0

2 2

β π

π εβ π π
..  (28)

Eq. (28) shows that to obtain smaller hydraulic 
stiffness KH, longer hose Lho is required. Furthermore, 
the greater the hose’s volumetric expansion, the lower 
the hose length to achieve the same hydraulic stiffness.

If necessary, the process of hose selection 
using Eqs. (21) and (28) can be iterative to avoid 
obtaining long hoses, which may not be suitable for 

implementation. For example, if a calculated hydraulic 
stiffness results in a long hose, the proportional gain 
can be decreased in Eq. (21), resulting in a higher KH 
and smaller Lho. Therefore, the final value of hydraulic 
stiffness is obtained from a trade-off between KH, Kp, 
and Lho.

In contrast, Eq. (28) can also be used to calculate 
KH based on a pre-selected hose with the required Dho 
(from Eq. (22)) and the desired Lho. After that, the 
proportional gain to achieve the required closed loop 
response can be calculated by isolating it in Eq. (21).

The use of a proportional controller in this design 
stage allows obtaining a very good approximation for 
the required hydraulic stiffness. A specific controller 
design and the system dynamic analysis using a 
nonlinear model can then be carried out as shown in 
Sections 5 and 6.

3.3  Example of Hose Selection

Consider a Pure Hydro-Elastic Actuator (PHEA), 
as shown in Fig. 1b, able to apply forces up to 9000 
N. The desired tracking control ratio is specified 
according to Eq. (20) with a time constant τd equal 
to 50 ms. The system parameters are according to 
the Appendix, with KqU0 and Kc0, calculated at null 
operating based on Eqs. (11) and (12).

Considering the maximum flow rate equal to the 
test rig pump supply (1.6×10–4 m3/s) and fluid velocity 
in the line equal to 2 m/s, a commercial hose diameter 
of 12.7 mm (1/2 in) was selected using Eq. (22). 
Analysing HVE hose catalogues, the EATON Synflex 
® 3130-08 was selected [25]. The hose volumetric 
expansion is 1.56×10–5 m3/m @ 7×106 Pa (4.7 cc/ft @ 
1000 psi), resulting in a static bulk modulus (βhoSS) of 
6.36×107 Pa. Based on Eq. (26), an rβ value equal to 5 
was considered.

As discussed before, the system performance 
must be determined by a trade-off between KH, Kp, and 
Lho. In this study, a Lho equal to 1.5 m was specified 
and using Eq. (28) the resulting KH is 2.24×106 N/m 
and, based on Eq. (21), Kp is 2.7 ×10–4.

The hydraulic force control system according to 
the configuration shown in Fig. 1b was assembled in 
a test rig as shown in Fig. 4. The system comprises 
two hoses interconnecting each cylinder chamber with 
the servovalve. A load cell is fixed at the cylinder rod, 
and it will be in contact with a metal block attached 
to the test rig frame. The parameter values of this 
experimental setup are presented in the Appendix. For 
the QFT controller design and dynamic simulation, KS 
equal to 2×107 N/m was used, corresponding to the 
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equivalent stiffness resulting from the load cell and 
environment compliances.

Fig. 4.  Hydraulic test bench used for experiments

4  CONTROLLER DESIGN USING LINEAR QFT

The QFT allows designing a linear controller for a 
nonlinear system, assuming it as linear under the effect 
of disturbances and parametric variations [20]. In this 
study, the controller design was carried out using the 
QFT frequency domain control design toolbox for 
use with Matlab [28]. The objective of the QFT-based 
control design is to synthesize a prefilter (F(s)) and a 
controller (G(s)) such that the force responses of the 
system always fall within a predefined time-domain 
tolerance described by upper and lower limits.

Typically, these limits are based on second-order 
specifications, such that the time constant value (τd = 
50 ms) used at the hose selection procedure (Section 
3.1.2) is converted on a settling time (tS1% = 200 ms). 
In this study, the upper and lower limits were defined 
as:
• Upper Limit (BU(t)): settling time (tS1%) of 0.1 s 

and maximum overshoot of 1 %.
• Lower limit (BL(t)): settling time (tS1%) of 0.3 s 

without overshoot.
Translating the specifications from the time 

domain to the frequency domain yields:
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The addition of a zero and a pole in Eqs. (29) 
and (30), respectively, relax the requirements for the 
controller design in the frequency domain without 
affecting the responses in the time domain.

Table 2 shows the parametric uncertainties 
assumed in the plant model described by Eq. (16).

Table 2.  Parameter uncertainties at Eq. (16)

Description Nominal value Range

fv [Ns/m] 100 100 to 3×104

KqUi [m
3/(s·V)] 5.4×10−5 3.23×10−5 to 5.61×10−5

Kci [m
3/(s·Pa)] 6.42×10−13 6.42×10−13 to 7×10−11

KH [N/m] 2.24×106 2.24×106 to 4.11×106

ωnv [rad/s] 1099 879 to 1319

ξv 0.9 0.72 to 1.08

To define the uncertainties, the following 
considerations were assumed:
• fv varies from a minimum value related to 

the Coulomb friction to a maximum value 
representing the stiction, which was obtained 
experimentally,

• the range of parametric uncertainty for KqUi was 
calculated using Eq. (11), assuming no load 
(pLi=0) and the operating point at the maximum 
power (pLi=2pS/3). The nominal value was 
obtained through experiments according to ISO 
10770-1 [29],

• the range for Kci was calculated using Eq. (12). 
The nominal value was obtained based on the 
results of the internal leakage measurement test 
according to ISO 10770-1 [29],

• KH varies from the minimum to maximum 
hydraulic stiffness calculated by Eqs. (23) and 
(24),

• Finally, a ±20% variation around the nominal 
values extracted from the catalogue is assumed 
for ωnv and ξv.
The other parameter values used for the controller 

design are shown in the Appendix, with the exception 
of KS that was changed in order to represent the 
equivalent stiffness instead of just the load cell 
characteristic. Based on the measurement of the 
environment deflection, the resulting Ks was 2×107 
N/m.

For the QFT boundary generation, robust 
stability, disturbance rejection and reference tracking 
criteria are considered in this study.

The robust stability bounds are defined through 
[20]:
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where P(jω) represents the plant, G(jω) represents the 
controller, L(jω) is known as the loop transmission 
function, and δ1(ω) is a constant constraint calculated 
assuming a gain margin of 5 dB. The subset of 
analysis frequencies Ω1 is {0.01, 0.1, 1, 5, 10, 50, 100, 
150} rad/s.

For the disturbance rejection bounds, the 
constraint function δ2(ω) represents the disturbance 
control ratio:
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where Y(jω) represents the output, D(jω) is the 
disturbance signal, and the subset of analysis 
frequencies Ω2 is {0.01, 0.1, 1, 5, 10} rad/s.

Finally, the reference tracking bounds are defined 
as:
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where R(jω) is related to the reference signal, F(jω) 
represents the prefilter, and the constraint functions 
δ5sup(ω) and δ5inf(ω) are the transfer functions 
TrU(s) and TrL(s) defined in equations (29) and (30), 
respectively. The subset of analysis frequencies Ω5 is 
{0.01, 0.1, 1, 5, 10, 50, 100, 150} rad/s.

After the bound generation and intersection, 
the loop shaping process is carried out to obtain the 
controller function (Fig. 5) [20].

Fig. 5.  Loop shaping of the controller

The resulting controller is:

 G s s s( ) . . / .= +( )0 001 0 008  (34)

The synthesis of the prefilter is similar to that of 
the controller, resulting in:

 F s s s( ) / ( ).= + +910 83 9102  (35)

The hydraulic force control system, including the 
prefilter and controller, was implemented in Simulink, 
using the block diagram shown in Fig. 6.

Fig. 6.  Block diagram of the hydraulic force control system

5  EXPERIMENTAL AND SIMULATION RESULTS

Experimental tests and simulations were carried out 
using the selected HVE hose according to Section 
3.3. A force-tracking reference was defined as several 
force steps of different magnitudes (Fig. 7a). To 
show that the model used for simulation has a good 
matching with the experimental results, an enlarged 
plot can be observed in Fig. 7b. The hydraulic force 
(FH), chamber pressures (pA and pB), and the control 
signal sent to the valve (UC) also demonstrate the 
good representativeness of the nonlinear dynamic 
model. In both simulation and experiment, the QFT-
based prefilter and controller were used. The systems 
parameters are those presented in the Appendix.

The advantages of using HVE hoses for adding 
compliance to the system for improving the force 
control performance can be observed when comparing 
with the system using rigid pipes.

The controller G(s) and prefilter F(s) were 
designed for the case in which rigid pipes are used, 
assuming the same performance specifications applied 
to the system with hoses, resulting:

 G s s s( ) . . / ,= +( )0 0005 0 002  (36)

and

 F s s s( ) / ( ).= + +484 44 4842  (37)

Fig. 8 shows the system force simulation 
responses using pipes and hoses. A 4 kN step reference 
force was applied at 2 s. The disturbance input was 
a filtered step, used to reproduce a load movement 
disturbance, with 5 mm of magnitude at 3 s.
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Fig. 7.  a) Comparison between experimental and simulated force 
tracking responses using HVE hoses, and  

b) enlarged plot of region A and hydraulic force, chamber 
pressures and control signal curves

Fig. 8.  Comparison between force responses using pipes or  
HVE hoses

The step response using rigid pipes was more 
oscillatory in comparison to the system with HVE 
hoses. The resulting overshoots were 3.87 % and 2.15 
% and settling times (tS1%) equal to 0.33 s and 0.20 s, 
respectively. The settling time of the system with hoses 
is between the time domain specifications presented 
in section 4; however, the overshot is higher than 1%. 
The system with pipes was not able to strictly achieve 
the specifications using the designed QFT controller. 
It is necessary to observe that the QFT controller was 
designed based on the linear model considering the 
parameter uncertainties. Therefore, some deviation 
from the specifications can be expected.

The main drawback of a force control system is 
the disturbance rejection. As can be seen in Fig. 8, by 
reducing hydraulic stiffness through the use of HVE 
hoses, the output impedance is decreased, such that the 
load displacement causes small changes in the applied 
force. The control signal has a higher amplitude and 
is more oscillatory when using pipes, as expected, 
since there is not a hydraulic or mechanical compliant 
element.

6  CONCLUSIONS

A study on a hydraulic force control system using high 
volumetric expansion hoses to increase the hydraulic 
compliance was carried out. The major achievements 
of this study are to demonstrate the possibility of 
adding compliance hydraulically in order to perform 
the force control without using a spring and to 
establish an analytical procedure for selecting the 
hydraulic hoses necessary to achieve this goal. The 
inclusion of more hydraulic capacitive components 
allows a reduction in the effective bulk modulus and 
makes the system more compliant.

Based on the presented results, it was concluded 
that the force response performance of the system 
using hydraulically compliant components is 
improved in comparison to a system with rigid pipes. 
Moreover, the use of the QFT-based linear controller, 
applied in a nonlinear system, resulted in suitable 
performance and disturbance rejection capabilities.

Since the reduction in the hydraulic stiffness 
makes the system more compliant and conservative, 
the complexity of the controller is also reduced giving 
the perspective of the use of other types of controllers, 
including the classical PID.

Future work should include developing a 
selection procedure for accumulators with a focus on 
force control and series hydraulic damping analysis 
aimed at improving the force control performance of 
a PHEA-based system.
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for four-port directional flow-control valves. International 
Organization for Standardization, Geneva.

8  APPENDIX

Table 3.  Technical data used for simulations

Hydraulic 
power unit

pS = 7×106 Pa
pT = 0 Pa
βe = 1.2×109 Pa

Double 
rod and 
double 
acting 

cylinder

Model: BOSCH REXROTH CGT3 MS2 
50/22-500/Z1X/B1
L = 0.5 m
Au = 1.5833×10-3 m2

M = 13.1 kg

4/3 closed 
center 

servovalve

Model: MOOG 760 C263-A
Kvp*= 3×10-7 m3/(s·Pa0.5)@70×105 Pa
Kvinp*= 2.405×10-9 m3/(s·Pa0.5)@70 ×105 Pa
Un = 10 VDC
ωnv = 1099 rad/s @ ±40 % of opening valve
ξv = 0.9 @ ± 40 % of opening valve

High 
volumetric 
expansion 

hose

Model: EATON Synflex ® 3130–08
Dho = 12.7 × 10-3 m
E = 1.56 × 10-7 m3/m @ 70 × 105 Pa
Lho = 1.5 m

Pipes Dp: 10.5 × 10-3 m
Lp: 0.5 m

Load cell
Model: HBM U2AD1-1t
Maximum capacity: 9800 N
KS = 9.8 × 107 N/m

* Obtained through experimental tests
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0  INTRODUCTION

Recently, many houses have been equipped with solar 
collectors in order to ensure the sanitary hot water and 
heat. Nowadays, the heating systems based on heat 
extraction from the ambient air have become more 
efficient and, in particular, cheaper. The question 
arises as to whether the systems with solar collectors 
should be really entirely written-off, or whether 
they could, nevertheless, be upgraded sensibly and 
effectively.

The basic goal of the presented research work 
was to find a way to raise the heating capacity of a 
heating system that is based on solar collectors [1] 
and [2]. The second goal was to present the theoretical 
reasons that would convince the owners and the 
investors to preserve, and even upgrade, the existing 
house heating systems with solar collectors to provide 
a longer heating season. 

The key component of active solar heating 
systems are the solar collectors that gather the sun‘s 
energy, transform this into heat, and then transfer that 
heat to a fluid, usually water. Mainly two types of solar 
collectors are used presently: Flat plate collectors [3] 
and [4] and evacuated tube collectors [5] to [7]. Flat 

plate collectors usually consist of a glass cover and 
metal plate absorber with the integrated pipes and 
housing. The solar energy absorbed by the metal plate 
absorber is transferred into the liquid flowing within 
the pipes. The glazing on the upper surface and the 
insulated housing bottom limit the thermal losses. In 
the flat plate collector, in the gap between the glazing 
and the metal plate absorber, the air is present. From 
the metal plate absorber, this air is warmed, then heats 
the glazing and becomes the source of losses. To avoid 
this harmful phenomenon, the so-called evacuated 
tube collectors have been introduced. They consist of 
glass evacuated tubes, through which the absorption 
pipes are installed [8] and [9].  

The evacuated tube collectors are more effective 
but, in comparison with heat pumps, both types of 
collectors alone in the long-term are losing heat. For 
domestic heating and domestic hot water gathering 
a heat pump alone [10] to [12] is used increasingly. 
They are much more effective than simple electrical 
resistance heaters using the same amount of 
electricity [13] to [14]. Heat pumps are designed to 
move the thermal energy in the opposite direction of 
spontaneous heat transfer by absorbing heat (anergy) 
from a cold space and releasing it to a warmer one. To 
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The aim of the research was to establish the efficiency of the combination flat plate collector-heat pump versus ambient air-heat pump. The 
extensive measurements were carried out and analyzed of the flat plate collector alone and combination flat plate collector-heat pump. In 
the beginning, the heat pump introduction into the serial combination with flat plate collectors was analyzed. The appropriate test rig with 
measurement equipment was designed and built. The test rig base consisted of the flat plate collector, heat pump, and 300 l boiler that was a 
replacement for a house`s heating. Detailed temperature measurements were performed during rainy, sunny and cloudy weather in summer 
and winter. To estimate the efficiency of heating, the consumed electric energy versus heat is the universal criterion that is derived from the 
Coefficient of performance (COP), which is calculated on the basis of measured temperatures. The comparison of the calculated COP for the 
combination flat plate collector-heat pump and the air-water heat pump shows that the largest increase of the COP of the combination flat 
plate collector-heat pump in comparison with the air-water heat pump is on sunny winter days, and that it amounts to 38 %. In rainy and cloudy 
weather, the COP of the flat plate collector-heat pump combination is lower than the air-water heat pump COP. The presented analyses clearly 
indicated that use of the flat plate collector is limited. 
Keywords: flat plate collector, heat pump, the Coefficient of performance, test rig

Highlights
• The test rig for combination flat plate collector-heat pump was built to prove the extended use of flat plate collectors.
• The heating tests were carried out at various weather conditions and at different sun illuminations in summer and winter 

days.
• On the basis of the temperature measurements, the Coefficients of performance of the combination flat plate collector-heat 

pump and ambient air-heat pump were calculated and compared.
• According to research, the combination flat plate collector-heat pump makes sense mostly on a sunny winter day. 
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run the compressor, a heat pump uses a small amount 
of external electric energy (exergy). The source of 
anergy can be any surrounding media; air, water 
etc. To describe the ratio of the heat flow (anergy 
plus exergy) and external electric energy (exergy), 
the term Coefficient of performance (COP), is used. 
Theoretically, the COP increases when the temperature 
difference between the cold space and the warmer one 
decreases. That fact encourages the heating designer 
to choose low-temperature underfloor house heating 
rather than high-temperature radiators [15] and [16]. 

Conventionally, all types of collectors and 
heat pumps are used separately. In the paper, it is a 
suggestion to join both systems in a serial connection. 
Heated water that is coming from the collector is led 
directly into the input side of a heat pump to gain 
the higher temperatures. Hypothetically, this serial 
connection should ensure higher temperatures of 
heating as each heating system works independently. 

To verify the effectiveness of the serial connection 
flat plate collector - heat pump, a convenient test 
rig was built on a reduced scale. Measurements of 
suitable quantities were carried out and analyzed. The 
test rig consists of a flat plate collector, water-water 
heat pump, and boiler. The boiler is a replacement for 
house heating. The water in the boiler accumulates the 
heat that is produced over the day. 

The tests were carried under various weather 
conditions in the summer and winter seasons. Inlet and 
outlet temperatures from the flat plate collector and 
heat pump were measured, as well as the ambient air 
temperature and the water temperature in the boiler. 

The paper comprises the testing of the flat plate 
collector alone and combination flat plate collector-
heat pump. The purpose of this test is to establish 
the efficiency of each system. Comparisons of both 
systems were carried out. 

1  HEATING BY FLAT PLATE COLLECTOR

The dedicated test facility is shown in Fig. 1. On 
the building roof, several flat plate collectors are 
positioned oriented to the south. The flat plate 
collector positioned on the left side of the roof that 
is tested has an active absorber area of two square 
meters.

The boiler, capacity 300 liters, is located in the 
building. The flat plate collector heats the boiler 
water directly by adequate heat exchanger built in 
the boiler. Basic flat plate collector characteristics 
are follows: 2 square meter active surface, copper 
absorber with special selective layer, crystal prism 
glass, housing made from anodized aluminum, rock 

wool isolation, four pipe connections and steam flap. 
The measurement schema is shown in Fig. 2.

Fig. 1.  Test facility

Fig. 2.  Measurement schema of heating boiler water  
by flat plate collector

Measurements, Figs. 3 and 4, show that in 
cloudy and rainy weather, the efficiency of the flat 
plate collector is low. In cloudy weather, the water 
temperature in the boiler T5 is mostly lower than the 
temperature of the ambient air during the measurement 
process. In cloudy weather, the contribution of 
diffusion light to effective heating is low. This 
phenomenon is in accordance with the measurements 
of the illumination, which was, in perfectly clear 
weather, from 90,000 Lux to 95,000 Lux, and in the 
cloudy from 3,000 Lux to 5,000 Lux.

2  HEATING BY SERIAL CONNECTION FLAT PLATE 
COLLECTOR-HEAT PUMP

Flat plate collector is in serial connection with the 
heat pump water-water, 1.5 kW under standard 
measurement conditions, Fig. 5.

A comparison of heating with a flat plate collector 
and a combination flat plate collector-heat pump 
shows the obvious advantage of the latter, Fig. 6. With 
the system, even in the most unfavorable weather 
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Fig. 3.  Temperatures in the boiler by heating with flat plate collector in July 2015

Fig. 4.  Temperatures in the boiler by heating with flat plate collector in August 2015

Fig. 5.  The setup of the boiler water heating by the combination flat collector-heat pump

conditions, high temperatures can be achieved in the 
boiler. On a rainy day, for example, only flat plate 
collectors heat the water in a boiler from 19 °C to 

about 25 °C, and the combination is from 18 °C to 
about 39 °C. 
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3  FLAT PLATE COLLECTOR-HEAT PUMP VERSUS  
AMBIENT AIR-HEAT PUMP

To understand the functioning of the flat plate 
collector-heat pump, it is worthwhile to know more 
precisely the generation of heat energy over the entire 
current day. Therefore, temperature measurements 
were carried out at the characteristic points of the 
heating system, every 10 minutes, from 9:30 to 15:30. 

The temperature of the water at the inlet and at the 
outlet from the flat plate collector and at the inlet and 
at the outlet of the heat pump, the boiler temperature, 
and the ambient air temperature are measured. In the 
following figures, Figs. 7 to 11, the measurements 
of temperatures are presented in three summer and 

two winter days, in order to see the operation of the 
heating system in extreme cases. 

From Fig. 7 it follows that, on a rainy summer 
day, the ambient air temperature is higher than the 
temperatures in the flat plate collector, as a result of 
the low illumination. The contribution of the diffusion 
light is too small to warm the water at a higher 
temperature than the ambient air. At the beginning of 
the measurement, at 9:30, the temperatures T1 and T2 
are higher than the ambient air temperature because 
the system is stationary and there is no water flow. In 
the stationary state, diffusion light radiation can heat 
the water above the temperature of the ambient air. 

At the beginning of the measurement, Fig 8, 
when there is no water flow in the system, the inlet 
and the outlet temperatures T1 and T2 are higher than 

Fig. 6.  Temperature in the boiler as a result of heating with flat plate collector-heat pump

Fig. 7.  Temperatures in the heating system, of the flat collector and the heat pump, on a rainy summer day
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the ambient air by14 °C. By noon the cloudy weather 
prevailed, after that the weather became mostly clear. 
By 12:00 the outlet water temperature T2 is equal to 
or two degrees Celsius higher than the ambient air. 
After 12:00, when the weather became mostly clear, 
the temperatures T1 and T2 exceeded the ambient air 
temperature. The largest surplus is 7 °C at 15:15. 

Fig. 9 shows the course of temperatures in the 
misty sunny weather when the illumination did not 
exceed 55,000 Lux. After the circulation pumps 
switched on, the outlet water temperature T2 was 
equated with the temperature of the ambient air and, 
till 14:30, remained practically the same. After the 
sunlight dispersed the mist, the temperatures T1 and T2 
became higher than the ambient air Tam by about 5 °C. 

Fig. 10 shows the course of temperature and 
brightness on December 29th, 2015. Illumination 
varied between 49,000 Lux and 63,000 Lux. In 
the stationary state, when there is no flow, water (a 
mixture of glycol and water) in the flat plate collector 
was warmed up to 18 °C higher temperature than the 
ambient air. After the circulation pumps were switched 
on, the temperatures T1 and T2 were equalized to the 
temperature Tam. As the illumination increases and, 
above all, because of the rise of the Sun above the 
horizon, the incidence angle of light towards the flat 
plate collector increases, so more light falls on the 
flat plate collector. The highest difference between 
the outlet water temperature T2 and the ambient air 
temperature Tam was 9 °C, at 12:30, when the Sun 

Fig. 8.  Temperatures in the heating system, of a flat plate collector and heat pump, on a partly cloudy summer day

Fig. 9.  Temperatures in the heating system of a flat plate collector and heat pump, on a sunny summer day
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was in the highest position, and then the temperature 
difference began to decrease, and it was, at 15:30, 
only 2 °C. 

At the beginning of the measurements, Fig. 11, 
at 9:30, when the circulation pump was stationary 
and the illumination was low, the temperatures T1, 
T2, and Tam were the same. The inlet T3 and the outlet 
temperature T4 of the heat pump were the same as the 
water temperature in the boiler T5. After the circulation 
pumps were switched on, the outlet water temperature 

from the flat plate collectors T2 is reduced by an 
average amount of 10 °C. Lowering the temperature 
was due to the lower illumination. The flat plate 
collector received the heat from the diffusion light, the 
portion of which was low, and from the heat transfer, 
which was low also due to the good insulation.

On the basis of the temperature measurements 
and exergetic efficiency ξ, given by the heat pump 
manufacturer, COP is calculated using the following 
equation:

Fig. 10.  The ambient illuminance and the temperatures in the heating system of a flat plate collector and heat pump, on a sunny winter day

Fig. 11.  The ambient illuminance and the temperatures in the heating system, of a flat plate collector and heat pump, on a cloudy winter day
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 COP T
T T

=
−

⋅4

4 2

ξ ,  (1)

where T4 is the heat pump outlet water temperature 
and T2 is the temperature the of the heating anergy. 
In the case of the air-water heat pump, the COP is 
calculated by the following equation

 COP T
T Tam

=
−

⋅4

4

ξ ,  (2)

where Tam stands for ambient temperature.

The purpose of the flat plate collector-heat 
pump combination testing is to establish under what 
weather conditions this combination is better than a 
conventional air-water heat pump. Heat generated by 
both systems is calculated using the equation

 Q m c T Tw int= ⋅ ⋅ −( )5 5 ,  (3)

where Q is the generated heat, m is the mass of water 
in the boiler, cw is specific water heat, T5 is the actual 
temperature of the water in the boiler, and T5int is the 
initial water temperature in the boiler (18 °C). Eq. 

Fig. 12.  The COP and energies in the heating system with the heat pump on a rainy summer day

Fig. 13.  The COP and energies in the heating system with the heat pump on a partly cloudy summer day
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(3) is used to calculate the actually generated heat 
accumulated in the boiler. Subsequently, by means of 
the COPs calculated by Eqs. (1) and (2) the heating 
exergy or electric energy consumed by both heat 
pumps is calculated. 

Fig. 12 shows the calculated COPs for flat plate 
collector-heat pump combination and air-water heat 
pump. Given that, in rainy summer weather, the outlet 
temperature from the flat plate collector T2 is lower 
than the ambient air temperature Tam, the COPs for the 
flat plate collector-heat pump combination are lower 
than the COP of the air-water heat pump. As a result, 
the heating exergy of the flat plate collector-heat pump 
combination is higher than the air-water heat pump 
heating exergy. In other words, to heat the water to 
the same temperature T5, the flat plate collector-heat 

pump combination consumes more electric energy 
than the air-water heat pump. 

If the weather is changeable or partly cloudy, Fig. 
13 shows that the COP of the flat plate collector-heat 
pump combination is better than of the air-water heat 
pump by 3 % at 11:30 and by 33 % at 15:30. Moreover, 
the consumption of electric energy or exergy of 
the flat plate collector-heat pump combination is 
correspondingly lower than that of the air-water heat 
pump. 

If it is a hazy and sweltering sunny day, Fig. 14, the 
COP of the flat plate collector-heat pump combination 
is, on average, higher by 4 % between 9:30 and 14:30 
than of the air-water heat pump, but at 15:00 it rises to 
19 %. The consumption of the electric energy of the 
flat plate collector-heat pump combination decreases 

Fig. 14.  The COP and energies in the heating system with the heat pump on a sunny summer day

Fig. 15.  The COP and energies in the heating system with the heat pump on a sunny winter day
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in the same portion. The increase of COP and lower 
electric energy consumption result from the clearer 
weather. The sun dispersed the mist covering the sky 
until then. 

The greatest improvement of the COP of the flat 
plate collector-heat pump combination in comparison 
with the air-water heat pump occurs in sunny winter 
weather, Fig. 15, and amounts to as much as 38 % 
at 12:30. The smallest improvement is at 15:30 and 
amounts to 17 %. Such improvements result from a 
low ambient air temperatures Tam and, consequently, 
from the low proportion of the heating energy in 
the heating thermal energy. In winter months when 
the ambient air temperatures Tam are low, the air-
water heat pump must overcome wider temperature 
differences to achieve the same temperature of the 
heated water as on summer days, resulting in low 
COPs. Likewise, the consumption of electric energy 
of the flat plate collector-heat pump combination is 
reduced in comparison with the air-water heat pump. 

On cloudy winter days when the illumination is 
low, Fig. 16, the COP of the flat plate collector-heat 
pump combination is worse than the COP of the air-
water heat pump. The flat plate collector fails to heat 
the water that is circulating in the collector-evaporator 
system, Fig. 5, of the heat pump of the flat plate 
collector-heat pump combination, to a temperature 
higher than the ambient air temperature Tam. The 
flat plate collector receives heat from diffusion light, 
which is very low. Consequently, the heat transfer 
by convection from the ambient air to the absorption 
flat plate collector is very low also. The electric 
energy consumption of the flat plate collector-heat 

pump combination is also increased accordingly in 
comparison with the air-water heat pump.

4  RESULTS AND DISCUSSION

On sunny summer days, the solar collector heated 
the boiler water to a temperature from 34 °C to 
36 °C. In cloudy and rainy weather, the boiler water 
temperature was always lower than the ambient air 
temperature and amounted to 19 °C in rainy weather 
and to a temperature from 23 °C to 27 °C in cloudy 
weather. In sunny weather, water is heated to 51 °C by 
using the flat plate collector-heat pump combination, 
up to 29 °C in partly cloudy weather, and to 19 °C in 
rainy weather. In sunny and partly cloudy weather, the 
flat plate collector-heat pump combination achieves 
considerably higher temperatures than the solar 
collectors.

Figs. 7 to 11 show the trend of characteristic 
temperatures between 9:30 and 15:30 on different 
summer and winter days and under various weather 
conditions. The ambient air temperature Tam and 
water outlet temperature from collectors T2 are the 
most important temperatures. In sunny weather, T2 
is always higher than Tam. The biggest difference 
between these two temperatures is on a sunny 
December day, and it amounts to 9 °C. In rainy and 
cloudy weather, temperature T2 is lower than Tam. The 
biggest undercooling is in January and amounts to 
11 °C.

The comparison of the calculated COPs for the 
flat plate collector-heat pump combination and the 
heat pump air-water system shows that the largest 

Fig. 16.  The COP and energies in the heating system with the heat pump on a cloudy winter day
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increase of the COP of the flat plate collector-heat 
pump combination in comparison with the air-water 
heat pump is on sunny winter days and that it amounts 
to 38 %, Fig. 15. In rainy and cloudy weather, 
the COPs of the flat plate collector-heat pump 
combination are lower than the air-water heat pump 
COPs. The consumption of electric energy follows the 
COPs strictly, Table 1.

Table 1.  Energy – obtained and consumed

Summer Winter

Sunny 
Partly 
cloudy

Rainy Sunny Cloudy

Energy in boiler 
[kWh]

11.498 11.149 8.362 4.878 2.787

Heat pump, energy 
from ambient air 
[kWh]

1.543 1.585 1.190 1.223 0.588

Average COP 7.5 7.0 7.0 4.0 4.7
Heat pump, energy 
from flat plate 
collector [kWh]

1.501 1.416 1.772 1.004 0.827

Average COP 7.7 7.9 4.7 4.9 3.4

5  CONCLUSIONS

The main novelty of the work is the clarification about 
the usefulness of the flat plate collectors for most 
effective and competitive domestic heating. In short, 
these devices are for write off. This radical statement 
is based on quite comprehensive measurements of 
flat plate collectors functioning at different weather 
condition in summer and winter as the heat provider, 
that bringing the sun energy in form of heat to the heat 
pump. The competitors of them have been the ambient 
air, as it is.

Normally, as the majority of the authors are 
dealing with, the bivalent system of flat plate panel 
and the heat pump was designed. In order to improve 
the efficiency of the heating as best that can be done, 
in this research, the serial connection of flat plate 
collector and the heat pump is made and tested. Due 
to the allegedly higher temperature input into the 
heat pump, from the serial connection hypothetically 
the evident improvements of the heating has been 
expected.

Instead of dealing with the real house heating 
system, in the experiment the daily collected heat was 
gathered by using the water boiler, the capacity of 300 
liters, that proved to be the very useful and practical 
idea. The most obvious advantage was the relatively 
simple test rig design, which does not include any 
unnecessary systems. An additional advantage was the 

simplicity of energy measurement that is carried out by 
using the thermometers only. All the rest was done by 
simple computations, which could be easy to control. 
The major disadvantage of these simple experiments 
represents the absolute values of COPs. In comparison 
with the generally expected values, COPs obtained 
in the presented tests, were suspiciously high. This 
phenomenon was not due to the excellence of the 
system components, more due to the relatively low-
temperature differences of the boiler water. 

Even the experts should be warned not to rely on 
one individual data of the heating system but to try to 
evaluate the system in whole. It is shown that at rare 
distinctively sunny days the COPs reach unexpected 
high values. Considering the fact, that sunny day is the 
exception rather than the rule, in all seasons, mostly 
partly cloudy weather prevails. In such transient 
weather conditions, the heat pump, that works after 
definition with the simplest air/fluid heat exchanger, is 
the best solution as it is proved.

6  REFERENCES

[1] Pandey, K.M., Chaurasiva, R. (2017). A review on analysis 
and development of solar flat plate collector. Renewable 
and Sustainable Energy Reviews, vol. 67, p. 641-650, 
DOI:10.1016/j.rser.2016.09.078.

[2] Tian, Y., Zhao, C.Y. (2013). A review of solar collectors 
and thermal energy storage in solar thermal applications. 
Applied Energy, vol. 104, p. 538-553, DOI:10.1016/j.
apenergy.2012.11.051.

[3] Powell, K.M., Edgar, T.F. (2012). Modeling and control of 
a solar thermal power plant with thermal energy storage. 
Chemical Engineering Science, vol. 71, no. 27, p. 138-145, 
DOI:10.1016/j.ces.2011.12.009.

[4] Dubey, S., Tiwari, G.N. (2009). Analysis of PV/T flat plate water 
collectors connected in series. Solar Energy, vol. 83, no. 9, p. 
1485-1498, DOI:10.1016/j.solener.2009.04.002.

[5] Yang, J., Jiang, Q., Hou, J., Luo, C. (2015). A study on thermal 
performance of a novel all-glass evacuated tube solar 
collector manifold header with an inserted tube. International 
Journal of Photoenergy, vol. 2015, Article ID 409517, 
DOI:10.1155/2015/409517.

[6] Kaya, H., Arslan, K., Eltugral, N. (2018). Experimental 
investigation of thermal performance of an evacuated U-Tube 
solar collector with ZnO/Etylene glycol-pure water nanofluids. 
Renewable Energy, vol. 122, p. 329-338, DOI:10.1016/j.
renene.2018.01.115.

[7] Sabiha, M.A., Saidur, R., Mekhilef, S., Mahian, O. (2015). 
Progress and latest developments of evacuated tube solar 
collectors. Renewable and Sustainable Energy Reviews, vol. 
51, p. 1038-1054, DOI:10.1016/j.rser.2015.07.016.

[8] Morrison, G.L., Tran, N.H., McKenzie, D.R., Onley, I.C., 
Harding, G.L., Collins, R.E. (1984). Long-term performance of 
evacuated tubular solar water heaters in Sydney, Australia. 

https://doi.org/10.1016/j.rser.2016.09.078
https://doi.org/10.1016/j.apenergy.2012.11.051
https://doi.org/10.1016/j.apenergy.2012.11.051
https://doi.org/10.1016/j.ces.2011.12.009
https://doi.org/10.1016/j.solener.2009.04.002
https://doi.org/10.1155/2015/409517
https://doi.org/10.1016/j.renene.2018.01.115
https://doi.org/10.1016/j.renene.2018.01.115
https://doi.org/10.1016/j.rser.2015.07.016


Strojniški vestnik - Journal of Mechanical Engineering 64(2018)10, 590-600

600 Marčič, S. – Seme, S. – Salamunić, J.J. – Praunseis, Z. – Pehan, S.

Solar Energy, vol. 32, no. 6, p. 785-791, DOI:10.1016/0038-
092X(84)90253-6.

[9] Morrison, G.L., Budihardjo, I., Behnia, M. (2005). 
Measurement and simulation of flow rate in a water-in-glass 
evacuated tube solar water heater. Solar Energy, vol. 78, no. 
2, p. 257-267, DOI:10.1016/j.solener.2004.09.005.

[10] Chua, K.J., Chou, S.K., Yang, M.W. (2010). Advances in heat 
pump systems: A review. Applied Energy, vol. 87, no. 12, p. 
3611-3624, DOI:10.1016/j.apenergy.2010.06.014.

[11] Oprešnik, M. (1969). The influence of the different working 
means properties on the exergy loss due to the compressor 
heat pump processes irreversibility. (Vpliv lastnosti različnih 
delovnih sredstev na izgube eksergije zaradi nepovračljivosti 
v kompresorju pri procesih toplotne črpalke). Strojniški vestnik 
- Journal of Mechanical Engineering, vol. 15, no. 4-5, p. 113-
116. (in Slovene)

[12] Sakellari, D. Lundqvist, P. (2001). Towards energy-use 
optimization of a domestic heating system based on a heat 

pump. Strojniški vestnik - Journal of Mechanical Engineering, 
vol. 47, no. 8, p. 506-511.

[13] Haložan, H. (2000). Heat-Pumping Technologies. Strojniški 
vestnik - Journal of Mechanical Engineering, vol. 46, no. 7, p. 
445-453.

[14] Hepbasli, A., Kalinci, Y. (2009). A review of heat pump 
water heating systems. Renewable and Sustainable Energy 
Review, vol. 13, no. 6-7, p.1211–1229, DOI:10.1016/j.
rser.2008.08.002.

[15] Smith, D.C., Elmore, A.C. (2018). The observed effects of 
changes in groundwater flow on a borehole heat exchanger of 
a large scale ground coupled heat pump system. Geothermic, 
vol. 74, p. 240-246, DOI:10.1016/j.geothermics.2018.03.008.

[16] Jeong, J., Hong, T., Kim, J., Chae, M., Ji, C. (2018). Multi-
criteria analysis of a self-consumption strategy for building 
sectors focused on ground source heat pump systems. Journal 
of Cleaner Production, vol. 186, p. 68-80, DOI:10.1016/j.
jclepro.2018.03.121.

https://doi.org/10.1016/0038-092X(84)90253-6
https://doi.org/10.1016/0038-092X(84)90253-6
https://doi.org/10.1016/j.solener.2004.09.005
https://doi.org/10.1016/j.apenergy.2010.06.014
https://doi.org/10.1016/j.rser.2008.08.002
https://doi.org/10.1016/j.rser.2008.08.002
https://doi.org/10.1016/j.geothermics.2018.03.008
https://doi.org/10.1016/j.jclepro.2018.03.121
https://doi.org/10.1016/j.jclepro.2018.03.121


*Corr. Author’s Address: Tianjin University of Technology, No. 391 Binshuixi Road, Tianjin 300384, China, liujunjp@tjut.edu.cn 601

Strojniški vestnik - Journal of Mechanical Engineering 64(2018)10, 601-610 Received for review: 2018-01-26
© 2018 Journal of Mechanical Engineering. All rights reserved.  Received revised form: 2018-05-31
DOI:10.5545/sv-jme.2018.5242 Original Scientific Paper Accepted for publication: 2018-06-13

0  INTRODUCTION

Engines are essential to the aircraft, and the rotor 
system is the key component of the engine. The 
rotor system usually works in difficult environments 
with multiple coupling fields, which include high 
temperatures, high pressures, high loads, and periodic 
alternating loads. Such an environment makes the 
rotor system generate micro-cracks and micro-defects, 
and the defects could cause severe accidents when the 
crack propagates. In recent decades, researchers have 
identified cracks through the analysis of vibration 
signals of a rotor system, and this research has supplied 
some significant achievements. The Fourier transform 
[1] and [2] can be used to transfer the periodic signal 
from the time domain to the frequency domain, and 
engineers use the frequency characteristics of the 
detected signals to analyze any faults. However, it is 
only able to deal with periodic signals and can not 
process non-periodic signals. The short-time Fourier 
transform (STFT) [3] and [4] can obtain the time-
varying spectrum of the detected signal by imposing 
a time window on the detected signal and then sliding 
the time window to do the Fourier transform with 
data of the time window. However, a contradiction 
of the time domain resolution and frequency domain 

resolution exists; therefore, the resolution accuracy 
could be affected. The Winger-Ville distribution [5] 
and [6] has a good time-frequency clustering, and it 
is a quadratic time-frequency method. When it is used 
to analyse the multi-component signals [7], it will 
produce serious cross-item interference and a false 
frequency that does not exist in the actual signal. 
The wavelet transform [8] and [9] can express local 
characteristics in the time-frequency domain. Because 
it needs to select different parameters of the wavelet 
function according to different detected signals, 
the analysis results depend heavily on the selecting 
parameters of the wavelet function. The Hilbert-
Huang transform (HHT) [10] and [11] is a novel signal 
analysis method on the time-frequency domain, and 
the marginal spectrum of the signal can be obtained by 
integrating the Hilbert spectrum [12] to [14], which can 
accurately reflect the change of the signal amplitude 
on the frequency domain. The HHT has already been 
applied to voice recognition, bearing fault detection, 
and other fields.

An aircraft’s engine’s rotor often works under 
the transient conditions when the aircraft takes off or 
lands, performs stunts, or follows a climbing-diving 
flight model [15]. The vibration signal of the cracked 
rotor system exhibits the non-periodic and nonlinear 
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• The crack fault can be effectively extracted by the HHMS method from complex vibration signals.
• The effectiveness of the proposed HHMS method was verified by the experimental and simulation results.
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reducing the symmetric nonlinear term β(0) and increasing the value of the asymmetric nonlinear term εc(1) and εs(1).
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transitional characteristics under the transient 
response, and a weak fault characteristic is easily 
hidden in other transition components.

Based on the above problems, the HHMS method 
is proposed to realize the extraction of the crack’s 
fault on a cracked rotor. The simulation results show 
that the proposed method can effectively extract the 
crack’s fault characteristics, and it can overcome 
above the faults of other methods. Based on the novel 
model of the crack’s opening and closing, which can 
flexibly describe the crack’s opening and closing 
degree of the rotor at any rotational position, the 
strategy of delaying crack propagation is discussed by 
analysing the crack’s opening and closing degree with 
different rotors’ parameters. Experimental results have 
also verified the effectiveness of the HHMS method.

1  MODEL DESCRIPTION

1.1  Rotor Model

The Jeffcott rotor model with a lateral crack is shown 
in Fig. 1, and the disc is mounted on the centre of 
the elastic symmetrical shaft with a certain eccentric 
mass, and the crack is close to the disc. The horizontal 
rotor is supported at one end by a double-row of self-
aligning ball bearing and at the other end by a single-
row of deep-groove ball bearing. Because the single-
row of deep-groove ball-bearing radial tilts have some 
rotational constraints, the elastic restoring force to 
be applied to the rotor will show nonlinearities, and 
the vibrations of the rotor will also appear to have 
nonlinear vibration characteristics. The differential 
equations of motion of the nonlinear rotor system 
under the transient response are shown below.

Fig. 1.  Jeffcott rotor model with a lateral crack
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where m is the disc mass, c is the damping coefficient, 
k is the stiffness coefficient, ω is the rotational speed, 
λ is the rotational acceleration, and e is the static 
unbalance of the disk. Nx and Ny are the nonlinear 
elastic restoring forces [16], corresponding to the x- 
and y-directions of the nonlinear term, respectively.

1.2  Stiffness Model of Cracked Rotor

The relationship among the parameters is shown 
in Fig. 2. Due to the presence of the crack breath 
behaviour in a cracked rotor system, the rotor 
stiffness is changed during per revolution cycle. The 
stiffness model obtained by the neutral axis theory can 
accurately describe the crack’s opening and closing 
process [17] and [18], and the mathematical equation 
[19] of the stiffness of the crack direction is shown as 
follows.

Fig. 2.  Schematic diagram of coordinate and parameter of a 
cracked rotor
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There is the relationship of φ = ωt + ϕ0 + β – θ and 
α is one-half angle of the crack. The stiffness on the 
rotational coordinate system is converted to the fixed 
coordinate system; the stiffness equations are shown 
following.
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For convenient calculation, the transformation 
variables of the dimensionless parameters are shown 
as follows, and the dimensionless equations of the 
nonlinear cracked rotor can be obtained by using the 
transformation variables.

δ δ δ δ

ω ω ω

= = = =

= = = =

m g k x x y y e e

k m t t c c m k k k

k
n n n x x

y

/ , / , / , / ,

/ , , / ( ), / ,

== = =k k k k ky xy xy n/ , / , / .λ λ ω 2

For simplicity, the dimensionless variables 
superscript‘-’are eliminated. The dimensionless 
equations of the cracked rotor system are shown as 
follows.
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1.3  Model of Crack’s Opening and Closing Degree

In the reference [20], a model for describing the crack 
opening and closing degree is proposed to indirectly 
reflect crack propagation. However, it can only 

express the special state in which the rotor’s crack 
is located in a fully opened state, shown in Fig. 3. 
In this paper, the mathematic stiffness model of the 
crack’s opening and closing degree for the rotor at any 
rotational position can be described by combining the 
improved mathematical expression.

Fig. 3.  Model of crack’s opening and closing degree

When ζ coincides with x1 shown in Fig. 2, the 
cracked position is shown in Fig. 3. The mathematical 
model of the crack’s opening and closing degree is 
shown as follows.

 τ = +4 42 2aR Rl/ ,  (5)

where R expresses the computational result of
R x y= +2 2 , a is the depth of a crack and l is the 
length of a rotor.

At this time, the corresponding value φ is equal to 
0, and the crack’s opening and closing degree locates 
the maximum value. When the angle φ is equal to π/2, 
the rotor’s crack is within the semi-open and the semi-
closed state. Because the crack propagation applied 
to the crack’s root to be caused by crack opening and 
closing is very small, the crack’s opening and closing 
degree is considered to be 0. When it changes from 0 
to π/2, the intermediate value φ will be processed with 
the cosine function. The model of the crack’s opening 
and closing degree is shown as follows.

 p =τ ϕcos( ).  (6)
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When the angle φ continues to increase, the crack 
changes from the semi-open and the semi-closed state 
to the fully closed state.

2  HILBERT-HUANG MARGINAL SPECTRUM

Under the transient response of a rotor system, the 
vibration signals of a nonlinear cracked rotor show 
the non-periodic change and nonlinearity. Because 
the weak fault characteristic is easily hidden in other 
transitional components, the fault characteristic 
of a crack is difficult to extract from the vibration 
signals. The HHMS method is proposed to process 
the complex non-periodic and transient vibration 
signals. The frequency components in the signals of 
the transient response can be decomposed, and the 
fault characteristic can be extracted from the complex 
vibration signals by using the HHMS method.

2.1  Empirical Mode Decomposition

The complex non-stationary signal x(t) can be 
represented a sum form of the intrinsic modal function 
(IMF) ci and a residual component rn by using the 
empirical mode decomposition (EMD) [7] and [21].

2.2  Hilbert Spectrum

After using the EMD, the Hilbert transform (HT) is 
used to compute each IMFs The computed equation 
is as follows.

 y t p c
t

d( )
( )
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−−∞

+∞

∫
1

π
τ
τ

τ  (7)

Through the HT processing, the analytical signal 
can be reconstructed. The expression is shown as 
follows.

 z t c t jy t a t e j t( ) ( ) ( ) ( ) ,( )= + = θ  (8)

where a t c y t y c( ) ( ) ( ) tan ( / )./= + = −2 2 1 2 1and θ  
Where the instantaneous frequency and amplitude 

of each IMFs can be obtained, so the original signal 
can be expressed as follows.
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Because ωi(t) is the instantaneous frequency, the 
residual function can be omitted. The Hilbert spectrum 
can be computed to use the following equation.

 H t a ti
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ω
ω
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=
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1
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Some information can be seen from the above 
equation. The ai(t) and ωi(t) are functions of time 
variables and can form the three-dimensional 
spectrum picture with the time, the frequency and the 
amplitude.

2.3  Marginal Spectrum

The marginal spectrum [22] can be obtained by 
integrating the Hilbert spectrum along the time 
variable, and the computational expression is shown 
below.

 h H t dt
T

( ) ( , ) .ω ω= ∫0  (11)

The marginal spectrum is the sum of the 
amplitude (energy) of a certain frequency in the 
signal, and it can also be understood that the sum of 
the amplitude of the frequency can be computed when 
the frequency appears at the whole processing. The 
frequency does not necessarily occur at the whole-
time domain and does not necessarily only occur at 
a certain time. It may appear at several times with the 
different or same amplitude. The marginal spectrum 
realizes the distribution of the total amplitude for all 
frequencies in the signal, and it can accurately reflect 
the actual frequency components in the signal.

3  NUMERICAL SIMULATION

The effectiveness of the proposed HHMS method 
for the nonlinear cracked rotor system is investigated 
with numerical simulation. Using Eq. (4), the transient 
response of the cracked rotor is obtained based 
on the Runge-kutta method. The response curves 
can be calculated by using Eq. (7) to Eq. (11). The 
computational parameters are as follows. Obtaining 
suitable values c = 0.1 and e = 0.1, the angle between 
crack direction and the eccentric β = 0, the symmetric 
nonlinear coefficient β(0) = 0.1 and the asymmetric 
nonlinear coefficient εc

(1) = εs
(1) = 0.1. The resonance 

curves and the crack’s opening and closing degree 
are discussed with the influence of different rotor 
parameters.

3.1  Crack Detection Based on Transient Response

The transitional vibration signals of a rotor with a 
crack about five per cent of the depth [16] and [23] 
of the rotor’s diameter are simulated and analysed 
using the wavelet method and the HHMS method, 
respectively. The simulation results of the two methods 
are compared with each other. There is only the major 
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a)        b) 

c)        d) 
Fig. 4.  Simulation results; a) and b) using wavelet method; c) and d) using HHMS method

harmonic vibration component in the spectrum of the 
normal rotor. However, there is not only the major 
harmonic vibration component, but also the super 
harmonic vibration component in the spectrum of the 
cracked rotor. The vibration component of the super 
harmonic can be used to determine the existence of 
a crack in a rotor system. The simulation results 
are shown in Figs. 4 and 5 based on the different 
rotational accelerations and crack angles. The abscissa 
is the vibration frequency component and the ordinate 
is the amplitude R.

3.1.1 Wavelet Method

Figs. 4a and b are the spectrum pictures of a normal 
rotor and a crack angle α = π/6 under the rotational 
acceleration λ = 0.01 to be calculated by the wavelet 
method. When the rotor does not have a crack, 
the calculation result is shown in Fig. 4a. There is 
the major harmonic vibration component, the sub-
harmonic of order 1/2 vibration component, and the 
super-harmonic vibration component. When the 
rotor appears a crack and the crack angle α = π/6, the 
calculation result is shown in Fig. 4b. The vibration 
components in the figure are similar to the result 

shown in Fig. 4a, and the corresponding amplitude 
does not change greatly. At each harmonic resonance, 
some clutter components exist, which are easily 
ignored. A misjudgment, whether the rotor has a 
crack or not, is easy to be made from above results by 
computing with the wavelet method.

3.1.2  HHMS Method

The analysis results with the HHMS method are 
shown in Figs. 4c and d. When the rotor does not 
have a crack, only the major harmonic vibration 
component exists, shown in Fig. 4c. When the 
rotor has a crack, and the crack angle α = π/6, the 
corresponding calculation results shown in Fig. 4d 
under the rotational acceleration λ = 0.01. There is the 
sub-harmonic of order 1/2 vibration component, the 
major harmonic vibration components and the super-
harmonic vibration component to be caused by the 
existence of a crack. It can be seen that the results of 
the HHMS can be used to clearly determine whether 
the crack of the rotor system exists or not.
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3.1.3  Crack Detection Based on Acceleration Effect

Increasing the rotational acceleration λ to 0.1 and 
keeping other parameters unchanged, the calculation 
results are shown in Fig. 5 by using the wavelet 
method and the HHMS method, respectively. When 
the rotor does not have a crack, all the vibrational 
components are reduced by the wavelet method from 
comparing Fig. 5a with Fig. 4a. Comparing Fig. 5c 
with Fig. 4c to be computed by the HHMS method, the 
major harmonic vibration component is also reduced. 
However, the sub-harmonic of order 1/2 vibration 
component exists owing to the nonlinearity. When 
the rotor has a crack and the crack angle α = π/6, the 
major harmonic vibration component is increased to 
compare Fig. 5b with Fig. 4b and the other vibration 
components are reduced. Comparing Fig. 5a with 
Fig. 5b, the vibration components are similar, and 
the amplitudes of components show little change. 
Therefore, changing the acceleration offers little help 
in detecting the rotor’s crack with the wavelet method. 
Comparing the results shown in Fig. 5d with Fig. 4d, 
the major harmonic vibration component reduced 
due to the large rotational acceleration. However, 
the sub-harmonic of order 1/2 vibration component 
is almost reduced to zero, and the super harmonic 

vibration component increases remarkably. Therefore, 
increasing the rotational acceleration λ is beneficial to 
detect a crack with the HHMS method.

3.2  Delay Crack Propagation Based on Rotor Parameters 
Effect

Keeping the other rotor parameters unchanged, the 
crack’s opening and closing degree is investigated by 
using the three types of rotor parameters. When the 
appropriate value of rotor parameters can reduce the 
crack’s opening and closing degree, the delay crack 
propagation could be achieved. It is very important 
that we can adjust some parameter values to reduce 
the crack’s opening and closing degree in an actual 
rotor system for the delay of crack propagation. The 
simulation results are shown in Fig. 6. The abscissa 
is time t, and the ordinate is the crack’s opening and 
closing degree p.

3.2.1 Delay Crack Propagation Based on Acceleration 
Effect

The calculation results of the crack’s opening and 
closing degree with different rotational accelerations 
λ are equal to 0.001, 0.01, and 0.1, and are shown in 

a)        b) 

c)        d) 
Fig. 5.  Simulation results; a) and b) using wavelet method; c) and d) using HHMS method
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Figs. 6a, b, and c. With the increase of the rotational 
acceleration λ, the crack’s opening and closing degree 
decreases significantly. Its maximum value decreases 
from 0.027 shown in Fig. 6a to 0.016 shown in 
Fig. 6c, and the crack’s opening and closing time is 
reduced from 1600 s to 100 s. The crack’s opening 
and closing number reduces remarkably, shown in 
Figs 6a, b, and c. Therefore, when the rotor already 
has a crack, the acceleration value could appropriately 
increase under the transient running to reduce the 
crack’s opening and closing degree to realize the delay 
of crack propagation.

3.2.2  Delay Crack Propagation Based on Angle β Effect

In [20], the influence of the angle β was discussed 
with the rotor vibration. This research has obtained 
a similar conclusion through simulation results. The 
crack’s opening and closing degree is significantly 
reduced with the increase of the angle β. When the 
angle β changes to a small angle, the eccentric of 
the shaft is located in the same direction as the angle 

of the crack. The vibration amplitude of the rotor 
appears a large amplitude, so the crack’s opening and 
closing degree is significantly increased. Therefore, 
when the rotor already has a crack, the delay of crack 
propagation could be achieved by adding a small mass 
on the disc to adjust the value of the angle β, shown 
in Fig. 2.

3.2.3 Delay Crack Propagation Based on Nonlinear 
Parameters Effect

The calculation results of the crack’s opening and 
closing degrees with the value of the symmetric 
nonlinear parameter β(0), is equal to 0.05, 0.15, and 
0.25, shown in Fig. 7. When the symmetric nonlinear 
parameter β(0) increases from 0.05 to 0.15, the 
corresponding crack’s opening and closing degrees 
at the same time are reduced to some extent. When it 
increases from 0.15 to 0.25, the corresponding crack’s 
opening and closing degree reduces at the forepart and 
increases at the rear part (t = 160 s later). The crack’s 
opening and closing number significantly increases 

a)   b)   c) 
Fig. 6.  Crack’s opening and closing degree with acceleration changing; a) λ = 0.001; b) λ = 0.01; and c) λ = 0.1

a)   b)   c) 
Fig. 7.  Crack’s opening and closing degree with nonlinear parameter β(0) changing; a) β(0) = 0.05; b) β(0) = 0.15; and c) β(0) = 0.25

a)    b)    c) 
Fig. 8.  Crack’s opening and closing degree with nonlinear parameters εc(1) and εs(1) changing;  

a) εc(1) = εs(1) = 0.1; b) εc(1) = εs(1) = 0.2; and c) εc(1) = εs(1) = 0.3
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from 140 s to 160 s; that is, a small β(0) is benefit 
to the delay crack propagation of a rotor system. 
Therefore, when a rotor already has a crack, the rotor 
support could be adjusted to decrease the value of  
the symmetric nonlinear parameter β(0) to realize the 
delay crack propagation.

The calculation results of the crack’s opening 
and closing degree with the value of the asymmetric 
nonlinear parameters εc(1) and εs(1), are equal to 0.1, 
0.2, and 0.3, and are shown in Fig. 8a, b, and c. The 
characteristics, seen from the figures, are that the 
crack’s opening and closing degree corresponding to 
the same time is reduced and the crack’s opening and 
closing number is also reduced with the increase of 
the asymmetric nonlinear parameters εc(1) and εs(1). 
Therefore, it can be concluded that we can adjust the 
rotor support to increase the value of the asymmetric 
nonlinear parameters εc(1) and εs(1) to realize the delay 
of crack propagation.

4  EXPERIMENT

4.1  Experimental Equipment

The experimental equipment is shown in Fig. 9. The 
disc is located on the centre of the elastic rotor, the left 
end of the rotor is supported by a self-aligning double-
row ball bearing, and the right end is supported by a 
single-row deep-groove ball bearing. The length of 
the rotor is 505 mm; the diameter of the rotor is 10 
mm. The disc diameter and thickness are 100 mm and 
20 mm, respectively. The rotor with a crack is located 
to the left end of 290 mm, the crack length is 20 mm, 
and the depth is 1 mm. The crack is machined by the 
EDM machine, and the cut part was re-fixed into the 
rotor to form the crack. In the left side of the rotor sets 
the pulse encoder to detect the rotor rotational speed, 
its displacements in x- and y- directions are measured 
with the position sensor that were set at the right 

side of the disc. The experimental data is collected 
by computer and the Donghua software, the initial 
position is set at the rotational speed ω = 300 rpm.

Fig. 9.  Experimental setup

4.2 Experimental Result

4.2.1  Without Crack on the Rotor

First, the experiment was carried out by using a 
normal rotor. The rotational acceleration was set to 
500 rpm/min and the experimental range was set from 
the rotational speed of 300 rpm to the rotational speed 
of 2000 rpm. The experimental resonance curves were 
tested by the above setup and processed by using the 
wavelet and the HHMS method. The experimental 
results are shown in Fig. 10. The vibration component 
of the rotor system is mainly 150 Hz. The vibration 
characteristics were lost to use the wavelet method 
shown in Fig. 10a. The experimental results show that 
the HHMS method is the better extraction than the 
wavelet method on the transient response.

4.2.2  Cracked Rotor

The experiment was carried by using the above-
mentioned cracked rotor with a rotational acceleration 
λ = 500 rpm/min and the experimental range set from 

a)        b) 
Fig. 10.  Experimental result without a crack; a) using wavelet method; and b) using HHMS method
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the rotational speed of 300 rpm to the rotational speed 
of 2000 rpm. The experimental resonance curves were 
also processed by using the wavelet and the HHMS 
method. The experimental results are shown in Fig. 
11. The vibration components of the rotor system 
mainly have 150 Hz, 75 Hz and 100 Hz, respectively. 
In particular, the super harmonic vibration component 
is clearly revealed at 75 Hz, because the crack exists 
in the rotor system. In addition, the sub-harmonic of 
order 1/2 vibration component also appeared at the 
rotational position of 280 Hz due to the nonlinearity 
shown in Fig. 11b. Experimental results showed that 
the HHMS method is very effective for the fault 
detection of the transient rotor system.

5  CONCLUSIONS

In this research, the HHMS method is proposed for 
detecting a crack within the nonlinear rotor under 
the transient response. The simulation results show 
that it can effectively judge the existence of the early 
crack in a rotor system, and the crack which has about 
five percent of the depth of the rotor’s diameter can 
be clearly judged by using HHMS. The experimental 
results also verify the effectiveness of the proposed 
HHMS method for the crack fault extraction from the 
transient response. This paper also proposes a novel 
method of describing the crack’s opening and closing 
degree and discusses the delaying crack propagation 
with the different rotor parameters. The research 
results are proposed as follows. 
1. The experimental and simulation results verify 

the effectiveness of the proposed HHMS method 
for the crack’s fault extraction from the transient 
response, and the HHMS can accurately reflect 
the actual frequency components in the transient 
signal because of its integral effect.

2. When the aircraft takes off or landings, performs 
stunts, or makes a climbing-diving flight, 
the delay crack propagation can be achieved 
by increasing the rotational acceleration and 
deceleration.

3. When the angle β and the support of the rotor are 
adjusted effectively, the delay crack propagation 
can be achieved, such as reducing the symmetric 
nonlinear term β(0) and increasing the value of the 
asymmetric nonlinear term εc(1) and εs(1).
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7  NOMENCLATURES

a depth of a crack, [m]
c damping coefficient, [N·s·m–1]
ci intrinsic modal function, [m]
e static unbalance of the disk, [m]
h thickness of the disk, [m]
k stiffness coefficients, [N·m–1]
l length of a rotor, [m]
m mass of disc, [kg]
Nx , Ny nonlinear elastic restoring forces, [N]
rn residual component, [m]
x, y displacements in x- and y-axis directions, [m]
x(t) complex non-stationary signal, [m]
α  one-half angle of the crack [rad]
β the angle between crack direction and the 

eccentric [rad]
β(0) symmetric nonlinear coefficient, [-]
δ dimensionless factor, [-]
εc

(1), εs
(1) asymmetric nonlinear coefficient, [-]

θ inclination angle, [rad]

a)      b) 
Fig. 11.  Experimental result with a crack; a) using wavelet method; and b) using HHMS method
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λ rotational acceleration, [rad·s–2]
f0 initial phase angle, [rad]
ω  rotational speed, [rad·s–1]
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0  INTRODUCTION

Gears are primary components in many transmission 
applications. Therefore, the reduction of noise and 
vibration, generated by engaged gears, is of great 
importance. Gear vibrations are induced by external 
and internal influences. Typical external sources 
are time variable driving torque and speed. On the 
other hand, the internal sources originate from tooth 
meshing [1] and [2]. This process is plagued by 
stiffness variation (due to variable number of teeth 
engaged) and interacting teeth impacts [3] and [4] due 
to deformation, wear, and imperfections. In this way 
each toothed gear ring becomes an internal generator 
of vibrations.

Gear vibrations are transmitted to the housing 
by shafts and bearings, which creates annoying noise 
and decreases the quality of transmission operation. 
Consequently, any measure that may potentially 
reduce vibrations is worth of being investigated. 

Earlier research work on gear vibration reduction 
was focused mainly on tooth profile modification [5] 
and [6]. More recently, this work was enriched by 
introducing sophisticated optimization procedures 
with the aim to improve tooth flanks [7] to [9]. 

Progress and improvements were achieved, but 
regardless of any profile or flank modification, tooth 
meshing still remained a generator of vibrations. 

An interesting and successful vibration reduction 
was achieved by using a gear pair with phasing [10]. 
Such gears run smoothly but they are comparatively 
heavier as plain gears due to the complicated inner 
structure.

Another approach, taken by some authors 
[11] and [12], was an attempt trying to reduce gear 
vibrations by improving the function of the gear body. 
For example, a convenient powder material was used 
to fill the bores in the gear body. To some extent this 
was successful because this hinders the pressure wave 
propagation and induces some damping.

Till now the aim of majority of modifications 
related to the gear body was to reduce the weight of 
the gear. Weight reduction resulted in thinner walls 
and introduction of holes. These measures reduced 
the weight of the gear but did not have any significant 
impact on vibration generation and emission. From 
the dynamic point of view, a weaker and slimmer gear 
body might even make the situation worse [13].

So far, all investigations related to gear vibration 
reduction were based on the assumption that the 
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• The body of a spur gear was designed as a cellular lattice structure.
• A spur gear with optimized lattice body structure was produced using selective laser melting technique. 
• A closed-loop test rig for testing gear pairs was developed and produced.
• The time signals of acceleration were analyzed in frequency and time-frequency domain.
• Experimental measurement of acceleration has verified that cellular lattice structure and polymer inserted into it, can 

effectively reduce gear vibration.



Strojniški vestnik - Journal of Mechanical Engineering 64(2018)10, 611-620

612 Ramadani, R. – Kegl, M. – Predan, J. – Belšak, A. – Pehan, S.

gear has to be produced by known conventional 
technologies. However, in recent years new additive 
manufacturing (AM) technologies came into 
foreground and the impressive development of these 
technologies opened new potentials and approaches 
to structural design. This was accompanied by a 
respectful development of numerical optimization 
methods, focused on the potential benefits offered 
by the new AM technologies. This opened up a 
completely new perspective of how to address the 
design of structural parts. 

The aim of this paper is to engage the newly 
emerged production technologies and optimization 
software in order to address gear body design. The 
objective is to design a light-weight gear body that 
will exhibit low generation of vibrations and will of 
course fulfil adequate load-carrying, stiffness, and 
strength requirements. Additionally, the gear body 
should contain sufficient empty space that could 
potentially be filled by a suitable polymer with the 
aim to achieve additional vibration reduction.

In this work the gear body is designed as a 
cellular lattice structure. Such a structure prolongs 
the pressure wave traveling paths and the traveling 
direction is often changed. Longer paths dissipate 
more energy due to internal friction and direction 
changes also influence positively energy dissipation. 
It is therefore expected, that such a design could 
exhibit good vibration reduction properties. 

A loaded lattice structure can easily exhibit stress 
concentrations, especially at lattice joints. This should 
be avoided by all means because stress concentrations 
could easily induce crack initiation, which could lead 
to structural failure. To remove stress concentrations 
and to lower the stress levels to a minimum, a 
topology optimizer CAESS ProTOp was engaged. 
This high-performance topology optimizer enables 
to configure numerically a solid part as a lattice 
structure. The configured design is immediately ready 
for optimization, where material is redistributed so 
that stress concentrations are removed and stress 
levels reduced as much as possible.

An optimized lattice structure can typically be 
produced only by AM technologies. Therefore, in this 
work the obtained optimal spur gear was produced by 
selective laser melting (SLM) technique. This gear was 
then tested on a closed loop test rig. Although, various 
rigs have been used to test the dynamic behavior of 
gears so far [14] and [15], in this work a special test 
rig was developed in order to enable precise and 
simultaneous measurements of displacement, sound 
pressure, and acceleration during gear operation. The 
acceleration was measured on the housing and the 

signals taken from the accelerometer were analyzed 
in frequency and time-frequency domains; choosing 
these domains is typically the most useful approach 
in gear vibration analysis [16] to [18]. The recorded 
signals were processed within LabView. 

This paper is organized as follows. In Section 
1 gear body design and optimization is described 
briefly. Section 2 describes the developed test rig 
and measurements setup. Sections 3 is devoted to 
frequency and time-frequency analysis.

1  DESIGN AND OPTIMIZATION OF GEAR BODY STRUCTURE

In this work a spur gear corresponding to the data 
shown in Table 1, was addressed. 

The diameter of the fixing hole was 25 mm and 
the adopted nominal torque was 200 Nm.

The numerical finite element analysis (FEA)-
ready model of the gear with a full solid body was 
prepared in SIMULIA Abaqus [19]. A linear elastic 
and isotropic material was selected.

Table 1.  Basic data of a spur gear

Data Value
Number of teeth 34
Module 2.5 mm
Pressure angle 20°
Width 10 mm
Pitch diameter 85 mm
Base diameter 79.874 mm
Root diameter 78.558 mm
Tip diameter 90 mm
Module of  elasticity 206,000 MPa
Poisson’s ratio 0.3

The gear was meshed with linear hexahedral 
elements of type C3D8, which are eight-node 
isoparametric elements with 24 displacement degrees 
of freedom. Hexahedral elements were used because 
the generated mesh exhibited symmetries which 
influence positively the symmetries of the final 
design. Due to the planned topology optimization, 
the generated mesh needed to be finer than typically 
engaged for usual FEA. Consequently, the number 
of elements was relatively high; the mesh contained 
a total of 2,918,412 elements. To influence positively 
the design symmetries and cyclic lattice pattern, a 
total of 68 static load cases were defined: one load 
case per one side of each tooth. 

The applied load was calculated from the nominal 
torque, which was converted into pressure of p = 
618 MPa and applied to a tooth flank. The loading 
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point was the outer single meshing point. The inner 
surface of the hub was fixed by adequate displacement 
constraints. This solid body FEA model was then 
imported into CAESS ProTOp [20] for further design 
configuration and optimization.

According to [21] topology optimization of a 
lattice structure modeled by solid finite elements 
differs from conventional topology optimization in 
one crucial step: configuring of the optimization 
domain. This configuration step enforces the chosen 
lattice structure on a usual solid domain meshed by 
solid finite elements and prevents the optimizer to add 
material outside of the domain of the lattice structure.

To reconfigure the solid gear body into a cellular 
lattice structure, two different lattice cell types have 
been chosen; a cube diagonal lattice cell and a plane 
diagonal lattice cell. The lattice structure has been 
defined in the cylindrical coordinate system. The 
inner part of the gear body was designed by using a 
cube diagonal lattice cell, while for the outer part of 
the gear body a plane diagonal lattice cell was used 
(Fig. 1). 

A structure configured in ProTOp is immediately 
ready for topology optimization. The process is 
iterative and each iteration requires one full finite 
element analysis per load case and one computation 
of topology parameters. In our case each iteration 
required 68 full finite element (FE) analyses. A 
detailed explanation for cell parameters used to design 
and optimize the gear body structure can be found in 
[22].

The stresses corresponding to the initial 
configured design with a volume part of 41.2 % 
exhibited peak levels about 590 MPa (Fig. 1; gear 
tooth region), while the stresses within the lattice 
structure reached maximum levels about 400 MPa 
(Fig. 1; yellow color). The structure was then 

optimized and the volume part of the free domain was 
increased from 41.2 % up to 49.3 %. Surprisingly this 
also reduced stresses within the tooth region, which 
now peaked to about 550 MPa. More importantly, 
however, are the stress levels within the optimized 
lattice structure. These stresses dropped dramatically 
with maximum stress levels reaching now only about 
150 MPa. 

The optimized structure exhibited drastically 
reduced stress levels and thus represents a good 
design from the mechanical point of view. From 
the technological point of view, however, it can 
practically not be produced by any of the conventional 
technologies. Therefore, the optimized spur gear 
was produced by using a titanium alloy Ti-6Al-4V 
ELI powder and the AM technology called the SLM 
technique. SLM allows a part to be built additively, 
layer by layer, from an adequate provided powder 
metal [23]. 

Fig. 2.  AM-produced optimized titanium gear

Fig. 1.  Von Misses stress; a) of initial lattice structure, and b) of optimized lattice structure
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The parameters that have been used to produce 
the gear were: laser power 75 W, scan speed 600 
mm/s, and layer thickness 35 µm. 

The teeth flank and the inner surface of the hub 
were grinded in the same tolerances as the gear with a 
solid body. The AM-produced titanium gear is shown 
in Fig. 2.

2  DEVELOPMENT OF GEAR TEST RIG 

A completely new closed-loop test rig for gear vibration 
measurements was developed and manufactured in 
order to meet all internal requirements and cover all 
planned activities.

2.1  Design and Operation

The test rig consists of two heavy steel blocks, which 
are firmly connected with two connecting shafts; these 
components form a very rigid frame. Heavy-duty 
rotating components are firmly positioned into the 
steel blocks and the test gears are mounted from the 
outside. In this way, it is not necessary to disassemble 
the bearing system to replace the tested gear pair. The 
axial distance between the shafts is 90 mm, Fig 3. 

Fig. 3.  Layout of the gear test rig

The closed-loop consist mainly of two shafts 
connected by two gear pairs. One gear pair just 
transmits the load torque from one shaft to the 
other; the other gear pair is the tested one. One 
shaft includes a clutch and the other shaft includes 
a torsional spring. The load torque is applied with a 
plain digital torque wrench while the clutch is open 
and one side of the clutch is firmly tightened by the 
locking block. At the desired torque level, the clutch 
is closed and the locking block and torque applying 
device removed from the test rig. The test rig is run 
by an electric motor and the RPM is controlled by a 
plain frequency regulator. To enable monitoring of 
lubrication conditions a special partly transparent 

and easy removable housing was made. Depending 
on the equipment this system enables simultaneous 
displacements, sound pressure, and acceleration 
measurements.

2.2  Experimental Setup

To measure the vibrations, the National Instruments 
NI PXI 4472 system and the PCB accelerometer 
(model 356A32) were used. The accelerometer was 
placed on the steel block. The signals taken from the 
accelerometer were transmitted to the data acquisition 
system and then to the computer for signal data 
analysis. 

The test rig was placed on a firm table and a 
rubber layer was placed between the table and the 
steel blocks to isolated the test rig from any external 
vibrations. The experimental setup is shown in Fig. 4.

Fig. 4.  Experimental setup 

The vibration measurements were performed 
with 3 different gear pairs as follows:
• S-S gear pair is a reference pair consisting of two 

usual solid body gears;
• S-L gear pair consists of a usual solid body gear 

and of a gear with optimized lattice structure 
body;

• S-LP gear pair is the same as S-L gear, except that 
the void regions between lattices are filled with a 
polymer.
The S-L gear pair is shown in Fig. 5.

Fig. 5.  The S-L gear pair mounted on the test rig
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3  ACCELERATION FREQUENCY AND AMPLITUDE ANALYSIS

In order to estimate the dynamic behavior of various 
gear pairs, the measured acceleration signals were 
analyzed. For this purpose, the original accelerations 
given in the time domain were transformed to the 
frequency and time-frequency domains.

3.1  Frequency Domain Analysis

Conventionally, this is achieved by using the Fourier 
transformation by which a time-dependent quantity 
x(t) can be represented in the frequency domain by its 
Fourier transform (FT) X(f) defined as [24]:

 X t x t e dtj ft( ) ( ) ,= ⋅ −

−∞

+∞

∫ 2π  (1)

where f is the frequency to analyze and j is 
the imaginary number [24]. For a computer 
implementation, this function is replaced by the 
discrete Fourier transform (DFT), which can be 
obtained by numerical integration of Eq. (1) as [24]:

 X f x t e t t k Nk i
j f t

i

N

i i
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−

+∫ 2

0
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where fk is the frequency of the kth harmonic. For 
computational efficiency reasons, the DFT is typically 
computed by using the fast Fourier transformation 

(FFT). This procedure delivers amplitudes at discrete 
frequencies of the underlying harmonics. In the case 
of gear pairs the gear mesh frequency is known to be 
the fundamental frequency or the first harmonic. The 
dynamic behavior of engaged gears is characterized 
from the distribution of exposed frequencies (the ones 
with significant amplitudes).

To estimate the dynamic behavior of tested gear 
pairs, time signals from an accelerometer placed 
on the housing were acquired. The applied torque 
was T = 60 Nm and the number of rotations was n = 
310 rpm. This means that the fundamental frequency 
was f1 = 176 Hz. The frequencies were analyzed up to 
7 kHz, while the measured time signal was 0.2 s long. 
The time signals are converted to frequency and time-
frequency domains by using LabView.

The acceleration time signal of the reference S-S 
gear pair is shown in Fig. 6, whereas its frequency 
spectrum is shown in Fig. 7. From the frequency 
spectrum it is evident that the dominating amplitude 
appeared at the 5th harmonics f5 = 5f1 = 880 Hz. 
The other frequencies with notable amplitudes were 
those corresponding to the 1st, 3rd, and 8th harmonics. 
The frequency components after 8th harmonics are 
observable but relatively low. 

The acceleration time signal for the S-L gear 
pair with lattice structure is presented in Fig. 8, 
whereas its frequency spectrum is given in Fig. 9. 

Fig. 6.  Time signal of acceleration for the reference S-S gear pair

Fig. 7.  Frequency spectrum of acceleration for the reference S-S gear pair
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One can see from the frequency spectrum that the 
dominating amplitude is now the one corresponding 
to the 6th harmonics f6 = 6f1 = 1056 Hz. An only 
somewhat lower amplitude is now observed for the 3rd 
harmonics. Still somewhat lower but nicely exposed 
are the 7th, 8th, and 9th harmonics.

The acceleration time signal for the S-LP gear 
pair with lattice structure and filled with polymer is 
shown in Fig. 10; its frequency spectrum is shown in 
Fig. 11. One can see that the frequencies of the 6th and 
9th harmonics are the dominating ones. A somewhat 
lower but nicely notable frequencies are those of the 
4th, and 5th harmonics.

As shown in Fig. 7. the largest amplitude was 
observed for the S-S gear with a solid body; a peak of 
approximately 0.42 g appeared at the frequency of 880 
Hz. For the S-L gear pair with lattice structure (Fig. 
9), the maximal amplitude was substantially lower; a 
peak of around 0.26 g appeared at the frequency of 
1056 Hz. A further reduction of the maximal amplitude 
value was achieved by filling the void regions within 
the lattice structure with a polymer (Fig. 11). The 
S-LP gear pair exhibits a maximum of 0.165 g at the 
frequency of 1056 Hz.

By comparing the frequency spectrums of all 
tested gear pairs (Fig. 7, 9, and 11), one can see that 
the dominant frequency amplitude is the highest and 
notable frequency components are relatively widely 

spread for the solid body gear. A lattice structure of the 
gear body obviously lowers the maximum amplitude 
and the amplitudes of all notable harmonics are more 
equilibrated. This trend is even more observable 
for the lattice-polymer gear, whose spectrum also 
indicates an obvious reduction of vibration energy. 
This example indicates that a lattice body structure can 
potentially do a good job in reducing gear vibrations. 
It looks also that the inserted polymer is quite efficient 
in increasing the structural damping, which also helps 
a lot.

3.2 ˝Time-Frequency Domain Analysis

In the spectrum of the frequency domain, it is possible 
to determine, which frequencies were present in the 
signal but it is not possible to know the time when 
those frequencies appeared. The time-frequency 
analysis introduces the time variable and makes it 
possible to determine how those frequencies of non-
stationary signals change with time, and what the 
levels of signal energy are [25]. Time-frequency 
analysis is a three-dimensional time, frequency, 
and amplitude representation of a signal. The short 
time Fourier transformation (STFT) is a linear time-
frequency transformation and it is used for analyzing 
non-stationary signals.  The basic idea of STFT is 
to divide a signal into short time segments, and then 

Fig. 8.  Time signal of acceleration for the S-L gear pair

Fig. 9.  Frequency spectrum of acceleration for the S-L gear pair
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the Fourier analysis is carried out for each segment 
separately. It is assumed that signals are stationary 
within each segment. The STFT is obtained in the 
following way: for any signal x(t), let’s suppose that 
w(τ – t) is a window function centered at the time t, 
to produce a segmented signal x(τ) w(τ –t), where τ is 
a time variable. By applying the FFT to each of such 
segmented signals, the STFT is obtained as [26]:

 STFT t f x w t e dx
j ft( , ) ( ) ( ) .= ⋅ − −

−∞

+∞

∫ τ τ τπ2  (3)

The time window type and positioning must be 
selected properly in order to get a good compromise 
between good time and frequency resolution of the 
result.

For reference S-S gear pair with a solid body, 
the time-frequency spectrogram is presented in 
Fig. 12. Although the result is smeared over time 
and frequency, one can roughly estimate that the 
dominating 5th harmonic of acceleration is present in 
about 62 % of the time interval (Fig. 12; red color). 
One can also see that the 5th harmonic is not stable, 
but exhibits an occasional vanishing and pulsating 
character.

For the S-L gear pair with lattice structure the 
spectrogram is given in Fig. 13. One can see that the 
dominating 6th harmonic of acceleration is present in 
about 45 % of the time (Fig. 13; red color). The 3rd 

harmonic with slightly lower amplitude can also be 
observed; however, its time presence is significantly 
lower. One can say that the 6th harmonic is semi-stable 
with a pulsating character.

For the S-LP gear pair with polymer filled lattice 
structure the spectrogram is shown in Fig. 14. One can 
see that the dominating 6th harmonic of acceleration is 
present in about 33 % of the time (Fig. 14; red color). 
The amplitudes are also observable lower than in case 
of other gear pairs. The 6th harmonic is semi-stable 
with a pulsating character.

When the time-frequency spectrograms of all 
tested gear pairs are compared, it is obvious that the 
notable frequency components of the S-S gear pair 
are longer present in time. This presence decreases 
for the S-L and even more for the S-LP gear pairs. 
A similar trend can be observed for the amplitudes, 
with the S-LP gear pair exhibiting by far the lowest 
amplitudes. Regarding the signal stability one can say 
that the lattice structure caused a more stable response 
in the sense that the dominating frequencies are more 
evenly present during the observed time interval.

At this point it might be worth noting that besides 
of reduced vibrations, the optimized lattice body gear 
also exhibits a substantially reduced mass. Namely, 
the volume of the gear with a solid body is about 
51130 mm3, while the volume of the gear with the 
optimized lattice structure is about 32570 mm3. Thus, 

Fig. 10.  Time signal of acceleration for the S-LP gear pair

Fig. 11.  Frequency spectrum of acceleration for the S-LP gear pair
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the volume of the used material is reduced by around 
one third. The weight of the gear with a solid body is 

0.40137 kg, whereas the weight of the gear with the 
optimized lattice structure is 0.25567 kg.

Fig. 12.  Time-frequency spectrogram of acceleration for the S-S gear pair

Fig. 13.  Time-frequency spectrogram of acceleration for the S-L gear pair

Fig. 14.  Time-frequency spectrogram of acceleration for the S-LP gear pair
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4  CONCLUSION

A new approach to gear vibration reduction 
was presented, based on the gear body structure 
modification. The body structure was designed as a 
cellular lattice structure that was optimized for stress 
level and stress concentrations by employing topology 
optimization. A spur gear with optimized lattice 
structure was produced by using Selective Laser 
Melting technique. 

To measure the dynamic behavior of such 
gears, a totally new closed-loop test rig has been 
developed and produced. The test rig enables to 
simultaneously measure displacement, sound pressure 
and acceleration, while the gears rotate.

According to experimental results of accelerations 
for the tested gears, it was proven that the lattice 
structure can effectively reduce gear vibration 
analyzed in frequency spectrum and time-frequency 
spectrogram. A lattice structure provides additionally 
a nice opportunity to be filled with an adequate 
polymer. According to the results, this may further 
reduce the vibrations. 

The main disadvantage of a lattice structure 
is that currently it is a rather expensive choice 
since traditional manufacturing is not possible and 
consequently the new AM technologies have to be 
engaged. Additionally, the teeth flank of a printed gear 
must be grinded which requires an extra production 
operation. Another, less obvious, point of concern is 
that currently printed materials are not very resistant 
against fatigue crack initiation and consequent 
structural failure. To mitigate this drawback, a printed 
part has to be optimized by all means in order to 
reduce the stresses as much as possible.
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0  INTRODUCTION

Resistance spot welding (RSW) is a structural joint 
technique widely used in the automotive sector [1]. 
RSW is highlighted among welding processes due 
to its features that favor the industry such as agile 
operation, which is easily suitable for automatic 
processes, simple handling, diverse applications and 
low cost [2] to [4]. Because of its wide applicability 
and importance, new methodologies for parameter 
adjustment have been applied to RSW improvement, 
contributing to the process control and capability.

Among the available methods for verification 
of the weld point, there is the shear test, which is 
characterized by the application of opposing forces 
causing stress in a sliding movement for a given 
sample. Since this type of test allows to evaluate the 
quality of welded point, it is being increasingly used, 
as described by Feng et al. [5], Zhang et al. [6], Martín 
et al. [7], Shan et al. [8], Chen et al. [9], Manladan et 
al. [10].

The search for quality improvements has been 
leading industries to improve their efficiency. 

However, devoting improvements only to the process 
may not contribute to make it better, as the variability 
can also be caused by the measurement system. 
Therefore, it is necessary to verify the measurement 
system variability in industrial processes, such as 
RSW.

There are several methods for controlling and 
monitoring quality in the RSW process, such as: 
expulsion detection in materials [1] and [11]; strength 
estimation based on sonic emission [12]; welding 
current analysis on weld strength [13]; temperature 
measurement [14]; electrode displacement [15] 
and [16]; and other types of control (i.e. electrical 
variables, ultrasound transmission and acoustic 
emission) [17]. However, the control approaches must 
be verified through specific tests, which illustrate 
the mechanical characteristics necessary for their 
capability evaluation, such as the shear test.

The shear test is characterized as a destructive 
test that evaluates the mechanical strength of the 
weld point in relation to shear stresses. Destructive 
tests are performed from time to time, by sampling, 
being widely employed in the automotive sector. 
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Highlights
• A nested GR&R study applied in shear test for a resistance spot welding process.
• Design of experiments to select the parts in order to represent the real amplitude of the process.
• The analysis of variance method to identify variation causes for two tensile machines and two quality characteristics: tensile-

shear strength and ultimate strain.
• The results showed that Machine 1 presents greater contribution on the system variability, with measurement results outside 

the control, as well as a lower degree of repetitiveness than Machine 2. 
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Thereunto, quantitative methods are used to verify the 
process quality, in which the measuring device must 
be validated before data collection [18].

The variability in destructive test results may 
arise from the measurement system itself as well 
as from the manufacturing process [19] to [21]. In 
this case, the measurement error must be avoided in 
experimental procedures. 

On the other hand, in quality methodologies 
such as Six Sigma, before analyzing the process, it is 
necessary to verify the capability of the measurement 
system (MS). One of the techniques used to evaluate 
the variation components of MS, according to Peruchi 
et al. [22], is gage repeatability and reproducibility 
(GR&R), in which the MS variability is quantified 
and analyzed through an analysis of variance 
(ANOVA). The repeatability (Fig. 1a) is characterized 
by the variation within the system under fixed and 
already defined conditions of measurements (part, 
environment, operator, instrument among others), 
i.e., the variation acquired in a measuring equipment 
used several times by an operator, which is based on a 
single part [23] to [27].

In this way, the reproducibility (Fig. 1b) is 
characterized by the average variation between 
evaluated systems, being the variation found in the 
mean of different operators using the same equipment 
to perform the measurement of a single part [23] and 
[28] to [31].

ANOVA is a statistical method applied together 
with GR&R, as described by: Shi et al. [32]; 
Deshpande et al. [33]; Zhua et al. [34]; García & del 
Río [35]; Woodall & Borror [20]; Johnson et al. [36]. 
However, there are few applications focused on the 
RSW process, reinforcing the potential contribution of 
this work.

There are several studies in scientific literature 
related to the measurement system analysis on RSW 
processes, such as: Wan et al. [37]; Degidi et al. [38]; 
Wang et al. [39]; Xia et al. [40]; Simončič, & Podržaj 
[15]; Al-Jader et al. [41]; Lei et al. [42]; Lai et al. [43]; 
Podržaj et al. [11]. 

Conduct the measurement system analysis by 
comparing tensile machines for destructive tests 
(such as the shear test) on RSW process is original, 
since published studies that have performed this type 
of analysis in this process do not present a similar 
evaluation. In addition, considering the accessed 
references in this current work, it is possible to confirm 
the relevance of applying the galvanized steel in this 
process. Given the importance that a measurement 
system presents in industrial processes (especially in 
RSW), this paper aims to perform a gage repeatability 

and reproducibility for nested design (NGR&R) 
applied to the shear test to verify variation causes in 
a RSW process measurement system, using univariate 
method ANOVA, comparing two tensile testing 
machines. The limits of the process parameters were 
defined from preliminary tests, in order to guarantee 
desired failure modes. Design of experiments (DOE) 
methodology was used, being a statistical strategy to 
model experiments [44], thus that the characteristics 
of the parts represented a real amplitude of the RSW 
process.

740660580500420340260

0.018

0.016

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000

X

D
en

sit
y

High
Low

Repeatabilitya)

720675630585540495450405

0.018

0.016

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000

X

D
en

sit
y

Operator 1
Operator 2
Operator 3

Variableb)

Fig. 1.  a) Repeatability and b) reproducibility  
on a measurement system

This article is organized as follows: a 
bibliographic review on the RSW process and GR&R 
study. Subsequently, section 3 describes the materials 
and methods used in the development of this work. 
Experimental and statistical results are presented in 
section 4. Finally, section 5 presents pertinent and 
relevant conclusions about the subject. 
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1  THEORETICAL BACKGROUND

1.1 The Process of RSW 

Commonly used in large-scale manufacture, the RSW 
process consists in joining two metal parts through the 
fusion of the metal, overlaid by two electrodes that 
generate sufficient force and heat at the weld point, 
during the passage of an electric current [45].

The welding cycle for RSW presents a series of 
stages, which are described below:
• Stage 1: the electrodes intercept the parts to be 

welded, providing a certain force (F) on them and 
ensuring a good settlement;

• Stage 2: still under pressure, the electric current 
(Iw) passes through the system initiating the weld  
point formation;

• Stage 3: after the point being established, the 
electric current is interrupted, but the mechanical 
pressure generated by the electrodes is maintained 
on the pieces until the point solidification;

• Stage 4: the exerted force (F) ceases;
• Stage 5: the electrodes stop intercepting the parts. 

The sequence of the welding process is presented 
in Fig. 2.

RSW is controlled by three parameters: welding 
current, welding time and electrode pressure. These 
control parameters are presented in several scientific 
researches which use RSW, such as: Wan et al. [46], 
Zhang et al. [47], Pouranvari [48], Ighodaro et al. 
[49], Fan et al. [50], Moos & Vezzetti [51], Amaral 
et al. [52], Florea et al. [53], Podržaj & Simončič 
[54], Podržaj et al. [55]. Knowing controllable and 
uncontrollable process factors, as well as adequately 
configuring these parameters, helps to ensure a good 

welded product, since these factors impact on its 
geometry and final quality [56]. 

There are several types of tests to evaluate 
the quality and performance of RSW [57], such 
as destructive tests, which are usually performed 
by sampling. Such methods are described by the 
American Welding Society (AWS) [58], in order to 
guarantee and monitor the quality of welding nugget, 
as shown in Fig. 3.

It should be noted that in the shear test, the 
specimens are fixed in specific equipment for tensile 
tests, in which opposing forces are applied until their 
rupture, according to the scheme shown in Fig. 3. 
In this test it is possible to collect the responses of 
tensile-shear strength (SS) and  ultimate strain (US), 
which may indicate the energy absorbed (toughness) 
by the specimen.

Fig. 3.  Shear test on standard specimens after welding

Fig. 2.  The spot welding cycle showing the five main phases of the process
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1.2  GR&R Study

The total process variation comprises the sum of 
variations derived from measurement system and part-
to-part. The GR&R seeks to estimate how much of the 
total process variation is caused by the measurement 
system, and determining how significant it is, 
compared to the part-to-part variation [59].

Two cases of control can be considered for MS, 
product and process:
• Product: associated with binary decisions, for 

approved and unapproved products, under 100 
% sample inspections or inspections, in which 
GR&R aims to estimate the tolerance of the 
product, without verifying the process;

• Process: associated to decisions directed to the 
adequacy of the measurement system to the 
process control. Searching to stabilize (and 
understand) the natural process variability in 
order to make this appropriate.
The process can be divided into a certain number 

of categories and may be represented from a variability 
statistics of the MS named number of distinct 
categories (ndc) [60] and [61]. This paper presents a 
literature review about this subject. The number of 
distinct categories must be greater or equal to 5. Table 
1 presents the guidelines for the MS acceptance [23].

When a single characteristic is evaluated in 
GR&R studies, a single response variable is analyzed 
in order to verify the measurement system capability. 
Besides the traditional univariate approaches, Wang 
& Chien [31] say that ANOVA, among the known 
statistical methods, is the best one. ANOVA method 
stands out in relation to the mean and amplitude 
(M&A), because it estimates the variance more 
accurately. In addition, the ANOVA method presents 
more information about the data than the M&A 
approach.

Table 1.  Classification criteria for the measurement system

Measurement System GR&R [%]
Acceptable < 10
Marginal 10 to 30
Unacceptable > 30

1.2.1 Analysis of Variance (ANOVA)

The variability in measurements of univariate cases 
can be originated from operator mistakes, measuring 
instrument variation or even from the product itself. 
Thus, for a complete GR&R study, it is mandatory to 
follow the model described in Eq. (1) [24] and [26].
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In the Eq. (1), Y refers to the response variable, μ 
to the values mean, αi ~ N(0, σα) is the random variable 
for each part, βj ~ N(0, σβ) is the random variable for 
operator, αβij ~ N(0, σαβ) refers to the interaction and 
εijk ~ N(0, σε) is the estimated error term. 

When operators cannot measure all parts, which 
is a common feature in destructive tests, a NGR&R 
must be used [62]. This type of design does not present 
an interaction term between the factors. The variance 
components for the model are described in Eq. (2). 
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where μN is the average values from the nested design, 
βj ~ N(0, σβ) and α(β)i(j) ~ N(0, σα(β)) are the random 
and independent variables for operator and for parts 
nested within operators, respectively. The εijk ~ N(0, σε) 
is the estimated error term. Still in the Eq. (2), p is the 
number of parts, o the number of operators and r the 
number of replicas.

The variation components of a NGR&R study 
with no significant interaction are estimated as in 
Table 2.

Table 2.  Variance components for nested design
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Table 2 describes the mean squares for operators, 
parts within operators and the error term.

In a nested design, the %R&R and ndc are the 
two main indicators commonly used to measure and 
evaluate the MS [60]:
• %R&R is the percentage statistics of repeatability 

& reproducibility (R&R), which measures the 
MS standard deviation against the total standard 
deviation, represented by Eq. (3).
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• ndc, also known as the signal-noise index (SNR), 
measures the variability of the MS. Eq. (4).
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2 EXPERIMENTAL PROCEDURE  
AND PARAMETERS DEFINITION

All test specimens used in this study were performed 
on a stationary classification machine (Presol 
Transweld® brand, model TWPRV50) with rated 
power of 50 kVA, AC and maximum current of 6 kA, 
as shown in Fig. 4. In addition, a chromium-zirconium 
electrode (Group A, class 2) was used for welding the 
specimens (0.10 % to 0.15 % C, 0.3 % to 0.6 % Mn, 
0.005 % Al, ≤ 0.03 % P, ≤ 0.05 % S, 40 g/m2 to 50 
g/m2 Zn) with 0.8 mm thickness. The dimensional 
specifications of Specimens were made according to 
the AWS [58] standard, as shown in Fig. 5.

Fig. 4.  TWPRV50 Presol Transweld® machine

Fig. 5.  Dimensions of the specimen for the shear test

The main welding parameters were established 
based on preliminary tests, thus the minimum 
parameter limits ensure that the “interfacial” type of 

failure mode does not occur at the weld point. Table 3 
shows the defined values (maximum and minimum).  
The electrode pressure was set at 2 bar.

Table 3.  Control factors and respective levels

Setup Unit
Levels

-1 +1

Tpreheating Cycles 5 11

Ipreheating % kA 66 74

Twelding Cycles 7 17

Iwelding % kA 75 83

From the limits specified in Table 3, the DOE 
statistical technique was used to generate the fractional 
factorial design (FFD) as shown in Table 4, in order 
to have parts with different characteristics as well as 
representing the process amplitude.

Table 4.  Experimental matrix

Run
Setup

Tpreheating
[cycles]

Ipreheating
[% kA]

Twelding
[cycles]

Iwelding
[% kA]

1 11 74 7 83
2 11 66 17 83
3 5 74 7 83
4 11 74 7 75
5 5 66 17 83
6 11 66 17 75
7 5 74 17 83
8 11 74 17 83

Fig. 6.  Equipment used in the shear test: a) EMIC® (Machine 1) 
and b) Instron® (Machine 2)

Forty-eight welds were performed for shear 
test. Two operators (or simply the tensile machines) 
were considered in the NGR&R study: An EMIC® 
DL2000 (Fig. 6a) with an axial force of 30 kN and 
an Instron® hydraulic servomotor model 8801 (Fig. 
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6b) with an axial force of 100 kN. Table 5 shows 
the 48 measurements with two critical-to-quality 
characteristics (CTQ).

3  RESULTS AND DISCUSSION

From the data collected in the shear test, two quality 
characteristics will be analyzed separately, which are 
tensile-shear strength (TSS) and ultimate strain (US).

Table 5.  Measurement of quality responses (CTQ)

i k Machine 1 Machine 2

TSS [N] US [mm] TSS [N] US [mm]
1 1 3217.58 1.47 3737.14 0.3
1 2 2783.24 0.28 3139.77 0.22
1 3 3247.12 0.35 3105.44 0.2
2 1 4779.46 1.45 5030.16 1.14
2 2 5498.73 2.67 5458.82 1.21
2 3 5326.73 1.29 5450.11 1.31
3 1 2096.99 0.17 2100.57 0.09
3 2 1747.78 0.14 2098.47 0.09
3 3 1848.55 0.15 2720.33 0.14
4 1 1228.31 0.09 2539.37 0.11
4 2 2199.49 0.22 2379.70 0.11
4 3 1388.15 0.15 2864.78 0.14
5 1 4484.11 1.16 5580.03 1.35
5 2 4395.51 1.60 4275.08 0.81
5 3 4482.38 1.15 4364.20 0.91
6 1 2413.19 0.22 4329.65 0.9
6 2 2593.87 0.27 3067.30 0.15
6 3 2011.86 0.14 2813.81 0.13
7 1 5385.80 1.97 4983.90 1.16
7 2 5378.85 6.63 4931.34 1.13
7 3 4935.82 1.31 5145.93 1.15
8 1 4656.11 1.20 5838.03 1.37
8 2 4607.46 1.22 4692.68 0.95
8 3 4711.71 1.20 4453.84 0.82

3.1  Results for Tensile-shear Strength

In destructive tests, the TSS vector, which holds the 
set of original responses of the shear test, does not 
present an interaction term, so it can be represented 
by Eq. (2). The analysis of variance for the TSS 
characteristic is found in Table 6. From the ANOVA, 
the hypothesis of parts being equal must be rejected, 
but it is not possible to reject the null hypothesis of 
different operators replicate the same measurement to 
a specific part, since p-values are equal to 0.561 and 
0.000, respectively.

From Eqs. (3) and (4), it is possible to measure 
the square roots of variances, the %R&R and ndc 

indicators for the TSS response. Considering the 
results from Table 7, %R&R presented a value of 
29.91 %, being considered marginal, given the 
conditions established in Table 1. The number of 
distinct categories (ndc) identified by the system was 
classified as unacceptable, according to the AIAG [23] 
recommendations.

Table 6.  ANOVA for TSS results

Source DF SS MS F P
Operators 1 1952795 1952795 0.354 0.561
Part (Operators) 14 77233406 5516672 31.5346 0.000
Repeatability 32 5598088 174940 - -
Total 47 84784289 - - -

Table 7.  Variance components contribution of TSS

Source σ % Contribution

σGR&R 418.26 29.91

σrepeatability 418.26 29.91

σreproducibility 0.00 0.00

σpart-to-part 1334.38 95.42

σT 1398.40 100

ndc 4

In addition, Fig. 7 shows the result of 
measurements for the TSS characteristic. It is possible 
to verify the dispersion between the measured values 
and the average of these values. For this characteristic, 
it is possible to verify that the two machines 
(operators) present different values of average for each 
part, properly representing the process amplitude.

operators
parts
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8765432187654321

6000

5000

4000

3000

2000

1000

TS
S 

[N
]

Fig. 7.  Measurement results for the TSS characteristic

3.2  Result for Ultimate Strain 

The same procedure performed for the TSS 
characteristic was repeated to verify the study for 
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the US quality characteristic. From the analysis 
of variance for the US characteristic (Table 8) 
it is possible to verify that it does not reject the 
null hypothesis of operators replicating an equal 
measurement for the same part (p-value equal to 
0.309). However, the null hypothesis of parts being 
equal must be rejected, confirming that the choice of 
parts represents the process amplitude.

Table 8.  ANOVA for US results

Source DF SS MS F P
Operators 1 2.3464 2.34638 1.11418 0.309
Part (Operators) 14 29.4829 2.10592 3.41443 0.002
Repeatability 32 19.7367 0.61677 - -
Total 47 51.566 - - -

Table 9 presents the results concerning the 
variation components for the US characteristic 
calculated from Eqs. (3) and (4).  Based on the 
outcomes, it is possible to verify that the %R&R 
indicator presented a value of 74.4 %, being deemed 
as unacceptable under the established conditions from 
Table 1. In addition, the number of distinct categories 
(ndc) identified by the system presented a value equal 
to 1, which is considerably unacceptable according to 
the AIAG [23] recommendations. 

Table 9.  Variance components contribution of US

Source σ % Contribution

σGR&R 0.7917 74.70

σrepeatability 0.7854 74.1

σreproducibility 0.1001 9.44

σpart-to-part 0.7046 66.48

σT 1.0598 00

ndc 1

After the results were obtained, the control R chart 
(Fig. 8a) and boxplot (Fig. 8b) were plotted in order 
to represent the performance of the two operators to 
measure the US characteristic. The control R chart 
highlights the out-of-control point on the Machine 
1 for the part 7, which indicates that there was not a 
considerable measurement repetitiveness of this part 
in the Machine 1. In addition to that, the boxplot 
reinforces that there is a measurement problem on 
the Machine 1, where it is possible to identify the 
presence of the outlier.

In order to identify an outlier in part 7 for the 
Machine 1, a new analysis was performed for the 
US characteristic. Given the parameter configuration 
x*uncoded = [7; 74; 17; 83], a new experiment was 
carried out under the same conditions, aiming to 

replace the outlier and perform a new diagnosis (TSS 
= 5219.7 N; US = 1.72 mm). The results of the new 
NGR&R study, for US characteristics, showed that the 
%R&R was 48.31 %, after outlier removal, reducing 
the variability of the measurement system. However, 
it is still classified as unacceptable according to AIAG 
recommended criteria [23]. It is important to highlight 
that for the TSS there was no statistically significant 
difference.
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Fig. 9.  Measurement dispersions to the US after outlier removal

Fig. 9 highlights the metric dispersions for the US 
characteristic after the removal of an outlier in part 7, 
evidencing the metrics behavior of each part.

Because of outlier removal, the upper limit 
control (UCL) presented a new range, going from 



Strojniški vestnik - Journal of Mechanical Engineering 64(2018)10, 621-631

628 Almeida, F.A. – Gomes, G.F. – Sabioni, R.C. – Gomes, J.H.F. – Paula, V.R. – Paiva, A.P. – Costa, S.C.

a value UCL = 1.755 to UCL = 1.005. Lower limit 
control (LCL) remains the same. Thus, the control R 
chart now has two out of control points in part 1 and 2 
for Machine 1, as seen in Fig. 10.
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3.3  Analysis of the Results

After verifying the results from the gage study by 
using the ANOVA method, it was found that, although 
one of the characteristics presents a result of variation 
classified as acceptable, there is a great variability 
attributed to the Machine 1 (EMIC® machine), 
presenting less repeatability for the measurements, 
as well as an out-of-control point for part 7. After 
detecting this variation cause, the new study showed 
that the %R&R decreased, but still remained 
unacceptable for MS. This result can be explained 
since the Machine 1 did not exhibit an adequate 
behavior during the tests, as it led to specimens slips, 
implying in a non-faithful reading of the CTQ even 
with the proper preparation usually performed for this 
procedure.

It can be inferred, from this analysis, that Machine 
1 needs adjustments and improvements, especially 
with respect to the parts fitting in the machine, since 
its coupling presented slips during the test due to the 
metal part composition, which presents a layer of zinc 
(galvanized steel). Such an improvement could hold 
the coupling of the part during the shear test in order to 
not compromise future diagnostics in tests performed 
by it. Fig. 11 shows the boxplot, which illustrates the 
form, central tendency and variability of the sample 
analyzed for the TSS characteristic (Fig. 11a) and US 
(Fig. 11b).  Fig. 12, in turn, presents the result from 
the gage run chart for the two characteristics analyzed, 
in which is possible to verify that the test outcomes 
from Machine 2 present greater homogeneity than the 
results obtained by the Machine 1.

4  CONCLUSION

In order to verify the assigned variability of the 
measuring instrument for the resistance spot welding 

process. A MSA for the shear test, by using different 
tensile machines, was performed in this paper, in 
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order to verify the reliability of the outcomes obtained 
in the RSW process.

From the shear test analysis, it was possible 
to verify that the Machine 1 was responsible for 
the greater contribution on the system variability, 
presenting measurement results outside the control, as 
well as a lower degree of repetitiveness than Machine 
2. In addition to that, Machine 1 was not well adjusted, 
since some specimens have slipped during the tests. 
This result evidences that some improvements in 
the parts coupling, which have a coating (such as 
galvanized steel) are necessary in order to avoid future 
slips and, therefore, to favor more reliable results, 
without compromising future diagnoses in tests 
performed by this type of equipment.
Regarding the specimens, it was verified that part 
7 presented greater variability in measurements, 
especially for Machine 1, which may indicate a 
generalized measurement error for this part. In 
addition, after identifying this outlier, the new 
study showed a decrease in the variability of the 
measurement system to the US characteristic, being 
able to identify new out of control points in parts 1 
and 2.
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0  INTRODUCTION

One major source of air pollutants is generated from 
internal combustion engines (ICE) for vehicles [1]. It 
has been reported that the pollutants produced by ICE 
are responsible for more than 30 % of air pollutants. 
To alleviate air pollution and eliminate pollutants 
from ICE, various alternatives, including battery 
power driven engines [2], hydrogen fuel cell-based 
engines [3], liquid nitrogen fuel power driven engines, 
and hybrid energy driven engines [4] and [5] have 
been developed. However, looking at these various 
alternatives, each option has its limitations. For 
example, battery-operated engines suffer from long 
charging time, high initial cost, heavy metal pollution, 
and periodical replacement cost [6]. Distribution and 
storage are difficult for hydrogen fuel cell driven 
engines, and building hydrogen generator stations is 
expensive [7]. Liquid nitrogen vehicles are difficult to 
use given their high cost. The main power source of 
hybrid energy driven engines remain fossil fuel, so this 
kind of engine does not meet zero pollution vehicle 
requirements [8]. In these situations, the technology of 
the compressed air engine (CAE) and its utilization in 

vehicles has become an attractive option, owing to its 
potential of zero pollution. However, in early tests, the 
vehicle running on compressed air alone was limited 
to the storage capacity of the tanks.

To obtain high energy density and store more 
energy in limited space, the storage pressure reaches 
several hundred bars. Once the compressed air is 
released from the tanks, its pressure falls to 30 bar as 
it passes through the pressure reducer. Even at high 
pressure, the compressed air carries much less energy 
than other transportation energy sources. Therefore, 
the CAE applications will need to overcome 
limitations in compressed air energy density. To 
enhance the output power of CAE and improve the 
energy efficiency, numerous studies have considered 
the high efficiency and high output power energy 
conversion system for CAE. Shen et al. built an air-
powered motorcycle prototype with a fuzzy logic 
speed controller; the efficiency is above 70 % [1]. Liu 
et al. investigated a new rotary intake and exhaust 
system for a piston type CAE and obtained 2.15 kW 
output power at 13 bar [9]. To overcome leakage under 
high air supply pressure, a new pressure-compensated 
intake valve was designed by Yu et al. [10]. Zhang et 
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al. studied a single-valve reciprocating expander and 
pointed out that the pressure loss is mainly caused by 
the air intake process [11]. Xu et al. designed a heat 
exchange system of the CAE to prevent ice blocking 
and improve energy efficiency [12].Yu et al. analysed 
the influences of some parameters and optimized the 
energy efficiency and output power with improved 
NSGA-II [13].

The output power and energy efficiency are 
significantly influenced by the open and close 
duration, angle and pressure of the intake and 
exhaust valves [14].To apply of CAEs as the main 
power system in automobiles, modifications should 
be made on a compressed air distribution system of 
CAE. In this paper, a four-valve CAE is proposed to 
obtain more energy during the working process. The 
challenge of this work lies in the energy efficiency. 
Thus, a multi-objective optimal method is applied to 
improve energy efficiency. The study aims to obtain 
a CAE whose energy efficiency is above 20 %, and 
output power is over 5.5 kW.

1 ENERGY EFFICIENCY OF THE TRADITIONAL CAE

The energy of compressed air could be converted to 
mechanical work during the state change process 
of compressed air. The working process of a single 
cylinder CAE could be divided into three stages in 
Fig. 1. The working process has been illustrated in the 
previous literature. 

Fig. 1.  Working cycle of CAE

For CAE, the ideal scenario for performing the 
maximum level of mechanical work is described as 
three ideal processes: quasistatic intake processes, 
isothermal expand process, and quasistatic exhaust 
process. According to the literature [15], the work 
done in these processes can be calculated by Eq. (1).

 W p V p
pi s s
s

a

= ln ,  (1)

where Wi is the maximum level of mechanical work, 
ps is the pressure of supply air, Vs is the volume of 
supply air, and pa is the environment pressure. 

To determine energy losses and investigate 
CAE internal energy distributions, the air power is 
introduced in this paper, which is described by Eq. (2).

 P p G p
pa a
s

a

= ln .  (2)

According to the exact definition of air power, the 
kinetic power of the flowing air, isothermal expansion 
power and exhaust power are included in the air power 
calculation. The kinetic energy, expansion, energy and 
exhaust energy can be expressed with the following 
equations.

 P d
dt

mvk =








1

2

2 ,  (3)
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pV dV

V
dtE

V

V

=
∫ 1 1

1

2 κ
κ

,  (4)

 P p G p
pd a a
d

a

= ln .  (5)

In the above equations, Pk, PE and Pd are the 
kinetic power, expansion power and exhaust power, 
respectively, V1 and V2 are the volumes of beginning 
expansion and finishing expansion respectively, pd is 
the pressure of exhaust air.

Fig. 2 displays the ratio of Pk in intake air power. 
When the average air velocity is below 100 m/s, the 
pressure of air is above 0.3 MPa, and kinetic energy 
accounts for less than 5 % of the available energy. 
When the average air velocity is above 200 m/s, kinetic 
energy accounts for more than 18 % of the available 
energy. Thus, when the effective cross-sectional area 
is narrow, and the ratio of the input pressure and 
output pressure is below the critical pressure ratio, the 
kinetic energy should be considered.

Fig. 3 shows expansion energy loss in air power. 
The bigger the polytropic exponent is, the larger 
the expansion loss is. Therefore, achieving quasi-
isothermal expansion is an important measure to 
improve energy efficiency and output power.

It is obvious that the higher the exhaust pressure 
is, the greater the exhaust energy loss is. Theoretically, 
energy loss occurs in an irreversible process. 
Therefore, irreversible processes in CAE systems will 
reduce the air power. The irreversible process will 
influence the energy efficiency of a CAE. 
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Fig. 2.  The ratio of kinetic energy in air power

Fig. 3.  The ratio of expansion energy loss in air power

In this paper, the efficiency of a CAE is defined 
as the ratio of the output shaft energy to the input air 
power of CAE as follows [16].

2  THE NEW KIND OF CAE WITH FOUR VALVES

To have precise, continuous valve timing control 
and fast response, the flow of air moving into and 
out of the cylinder is controlled by using a simple 
cam mechanism. The effective area of intake and the 
exhaust port is determined by cam lift. 

According to the ratio of the pressure of the 
upstream side pu to the pressure of downstream 
pressure pd, the flow equation for the flow through a 
restriction can be written as follows [17]:
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where ω is the rotation speed of the crankshaft. 
The air mass flowing into the cylinder is inversely 

proportional to the rotation speed of the crankshaft. 
Therefore, the higher the speed of the crankshaft, the 
lower the output torque. To improve the performance 
under high speed, increasing the effective area is an 
effective method. 

To increase the effective area, a four-valve CAE 
is proposed. The schematic drawing of the proposed 
four-valve mechanical structure is illustrated in Fig. 4. 
Rotations of a crankshaft of CAE are transmitted to 
both inlet and exhaust cams by using a timing belt and 
timing pulleys. The cam lift follows the cam profile 
when appropriate preload springs are used [18].

Fig 4.  The schematic drawing of the four-valve mechanical 
structure

The four-valve CAE, which has been applied in 
the field of traditional internal combustion engines, 
has a bigger flow effective area and provides more 
power than the two-valves CAE. Adding more 
valves improves the mass flow of intake and exhaust 
compressed air, thereby enhancing output power at 
high speed. The principle of the four-valve CAE is 
same as the two-valve CAE, which is introduced in 
the literature [16].
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3  THERMODYNAMIC MODEL AND EXPERIMENT

To model a pneumatic system, the law of conservation 
of energy, the equation of continuity and the equation 
of state of the ideal gas is fundamental [19].

3.1  The Volume

The volume of the cylinder is variable due to the 
movement of the piston. From the piston-crank 
geometry, the piston displacement, y, is expressed by

 y L r L r= + − −cos cos ,β ϕ  (8)

where

 β
ϕ

= −sin
sin

.1 r
L

 (9)

The volume of the cylinder is given by

 V D y
=
π 2

4
.  (10)

3.2  The Mass

According to the law of mass conservation, air mass 
in the cylinder in one cycle can be given as:

 dm
dt

G Gin out= −( )ρ ,  (11)

where subscript in and out represent the fact that 
compressed air flows into and out the cylinder.

3.3  The Pressure

Pressure changes of the air inside the cylinder can 
be calculated by deriving the state equation of ideal 
gases:

 dp
dt V

R G mR d
dt

p dV
dt

= + −





1
θ

θ
.  (12)

3.4  The Energy

The temperature differential can be calculated by 
solving the energy equation. For CAE system, intake 
process and exhaust process are the open system, 
expand process is a closed system. For ideal air, 
accordingly, the energy balance is written by,

 

C m d
dt

h A C C G

R G p dV
dt

v e w a p a v in

out

θ
θ θ θ θ

θ

= −( ) + −( )
− − ,  (13)

where Cv is the specific heat at constant volume, Cp 
is the specific heat at constant pressure, he is the heat 

transfer coefficient which is a constant value, Aw is the 
heat transfer area.

3.5  The Performance

The output power and energy efficiency are important 
evaluate indicators to engine. The output power can 
be expressed as:

 P T w
e =

×
9550

,  (14)

 T
T
t
i= ∫ ,  (15)

where

 T T T T Ti id r f p= − − − ,  (16)

where Pe is the output power, Ti is the instantaneous 
torque, Tid is the indicated torque, Tr is the reciprocating 
torque, and Tf is the friction torque. Details of torque 
calculation are presented in the literature [20].

3.6  Performance of the Four-Valve CAE

Compared with the two-valve CAE, the four-valve 
CAE can achieve a low Mach number, which can 
reduce the kinetic energy of the flowing air, and the 
four-valve mechanism can increase the mass flow 
rate, which can enhance the output power. To obtain 
the characteristic of four-valve CAE, the initial values 
of the four-valve CAE mechanism are shown in Table 
1. For simplification, the intake valve and exhaust 
valve have the same structural parameter. MATLAB/
SIMULINK software is used for modelling the 
simulation. Fig. 5 depicts the output power and energy 
efficiency characteristics of the multi-valve CAE and 
the two-valve CAE at different rotational speeds when 
the supply pressure is equal to 2 MPa. 

Table 1.  Four-valve of CAE specifications

Type Value
Bore 85 mm
Stroke 88 mm
Displacement 0.5 L
Intake port diameter 16 mm
Exhaust port diameter 16 mm
Compression ratio 10
Minimum diameter of passage 12 mm
Number of intake valve 2
Number of exhaust valve 2

As can be seen from Fig. 5, the curve of the en-
ergy efficiency of the four-valve CAE is slightly larger 
than that of the two-valve CAE, and the output power 
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of the four-valve CAE is higher than that of the two-
valve CAE by approximately 0.6 kW, which is about 
1.1 to 2 times that of the two-valve CAE. Especially 
when the rotational speed is 600 rpm, the highest out-
put power is 3.6 kW.

a) 

b) 
 Fig. 5. Efficiency and power of CAE in different rotational speed; 

a) curves of efficiency, b) curves of power 

The output power and energy efficiency 
characteristics of the four-valve CAE have been 
studied by setting the rotational speed of the four-
valve CAE at 600 rpm, under the supply pressure of 
the four-valve, at 1 MPa to 3 MPa. Fig. 6 illustrates 
the relationship between the performances and supply 
pressure of the four-valve CAE.

With an increase in the supply pressure, the output 
power of the four-valve CAE increases stably. In the 
first instance, the energy efficiency increases with 
an increase in the supply pressure; when the supply 
pressure is larger than 1.8 MPa, the energy efficiency 
slowly drops.

The primary reason is that the indicated pressure 
inside the cylinder increases with an increase in the 
supply pressure. The higher the indicated pressure 
inside the cylinder is, the larger output power is. 
However, the residual pressure inside the cylinder 
also increases when the supply pressure is larger than 
1.8 MPa under the exhaust process, which leads to 
exhaust energy loss.

Fig. 6.  Efficiency and power of four-valve CAE  
in different supply pressure

3.7  Experiment and Analysis

To verify the above theoretical model, we designed 
a multi-valve single-cylinder piston type CAE 
model and prototype, which are shown in Fig. 7. The 
effective areas of intake and exhaust valves are shown 
in Fig. 8. Basic parameters are shown in Table 2.

Fig. 7.  The model and prototype of multi-valves of CAE

The friction coefficient of the ring assembly is 
important to calculate friction torque. The correct 
oil can keep an engine running smoothly. Because 
the principles of the CAE are different from ICE, it 
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is necessary to find the correct lubricating oil to keep 
the CAE running smoothly and effectively. According 
to the literature [21], the lower the temperature is, the 
higher the viscosity is. The working temperature range 
of CAE is 220 K to 293 K, so we adopted refrigerator 
oil as a lubricating oil; its viscosities value are 15 
mm2/s and 3.1 mm2/s when the temperatures are 313 
K and 373 K, respectively.

Fig. 8.  Effective areas of intake valve and exhaust valve

Table 2.  Single cylinder CAE specifications

Type Value
Displacement 0.5 L
Number of valves 4
Opening angle of intake valve 0°
Closing angle of intake valve 90°
Maximum cam lift of intake valve 3.5 mm
Opening angle of exhaust valve 180°
Closing angle of exhaust valve 360°
Maximum cam lift of exhaust valve 5.72 mm
Intake port diameter 22 mm
Exhaust port diameter 22 mm
Minimum diameter of passage 14 mm

To compare performance, the output power 
and torque of two-valves of CAE and multi-valves 
of CAE, the experiment is carried out under same 
working conditions. The experimental apparatus and 
the procedure have been introduced in the literature 
[10]. The intake pressure is set at 0.6 MPa and 0.7 
MPa. Experiments of the output torque and output 
power of the two kinds of CAEs were done, and the 
results are shown in Fig. 9.

Fig. 9a illustrates the relationship between the 
output torque and the rotation speed of the two kinds 
of CAEs. As can be seen, the curves of the output 

torque of the two kinds of CAEs decline sharply with 
the rotational speed. Moreover, the output torque of 
the four-valve of CAE is much higher than that of the 
two-valve of CAE in the same intake pressure and 
rotational speed. When the intake pressure is set at 0.6 
MPa, and the rotational speed is 450 rpm, the output 
torque of the four-valve CAE is about 2.7 times that 
of the two-valve CAE. When the intake pressure is set 
at 0.7 MPa, and the rotational speed is 450 rpm, the 
output torque of the four-valve CAE is about 2.2 times 
that of the two-valve CAE. Moreover, the output 
torque difference of the two kinds of CAE ascends 
sharply with increasing rotational speed.

a) 

b) 
Fig. 9.  The output torque and power of the CAEs in different intake 

pressure; a) torque vs speed and b) power vs speed

Fig. 9b illustrates the relationship between the 
output power and the rotational speed of the two kinds 
of CAEs. As can be seen, the curves of the output 
power of the two kinds of CAEs decline sharply with 
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the rotational speed. Moreover, the output power 
of the four-valve CAE is much higher than that of 
the two-valve CAE in the same intake pressure and 
rotational speed. The output power difference of 
two kinds of CAEs ascends sharply with increased 
rotational speed.

4  PARAMETER INFLUENCE ANALYSIS

In conventional mechanical valve trains, intake and 
exhaust valves lift are determined by the cam profile. 
In this paper, the cam profile is described by a five 
polynomial curve which is given by:

 h a C C a C a C a C ap
p

q
q

r
r

s
s( ) = + + + +

0
,  (17)

where

 a x
xB

= ,  (18)

 C0 = hmax , (19)

where x is the cam angle, xB is the half wrap angle, 
superscript p, q, r, s are plural. For simplification, we 
suppose the following equations [22]:
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= +
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2
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2 4

,  (20)

where, n, l are positive integers.
Cp, Cq, Cr, Cs can be calculated by boundary 

conditions [23] which are functions of n, l. In this 
paper, intake cam profile variable ni and li are equal to 
3 and 6, respectively, and exhaust cam profile variable 
ne and le are equal to 6 and 3, respectively.

In an actual four-valve CAE system, the 
compressed air charged from the buffer container 
flows into the cylinder through the regulator, and the 
air mass that flows into the cylinder is limited by the 
effective sectional area of the regulator. The values 
of the initial parameters are shown in Table 2. The 
rotation speed is 600 rpm, and the supply pressure is 
3 MPa.

Except the above parameters, according to the 
thermodynamic model, the output power and energy 
efficiency are influenced by cylinder clearance 
distance, LC, is the distance between the bottom of 
the valve and the top of the piston when the piston 
reaches to the top dead centre, intake cam maximum 
lift, IVL, intake valve close angle, IVC, intake valve 
head diameter, IHD, exhaust cam maximum lift, EVL, 
exhaust valve close angle, EVC, exhaust passage 
diameter, EPD, exhaust valve head diameter, EHD. 

The initial values of the above parameters are shown 
in Table 3.

Table 3.  The initial values of the parameters

Parameter LC IVL IVC IHD

Value 7 mm 3.2 mm 90° 16 mm

Parameter EVL EVC EPD EHD

Value 5.72 mm 360° 12 mm 16 mm

According to the thermodynamic model above, 
each parameter can be changed for comparison while 
all other parameters are kept constant, and the simula-
tion results are varying each parameter, as illustrated 
in Fig. 10.

It can be seen from Fig. 10 that:
a) The energy efficiency and output power are 

impacted significantly by the intake valve close 
angle and exhaust passage diameter. The energy 
efficiency decreases from 28 % to 20 % with 
the intake valve close angle increasing from 70° 
to 130°. In the first instance, the output power 
increases with an increase in the intake valve 
close angle; when the intake valve close angle 
is larger than 110°, the output power begins to 
decrease. When the exhaust passage diameter 
increases from 10 mm to 16 mm, the energy 
efficiency increases from 18.2 % to 25 %, and the 
output power increases from 4 kW to 6.7 kW.

b)  The energy efficiency and output power are 
slightly affected by intake cam maximum lift, 
exhaust cam maximum lift and exhaust valve 
close angle.

c) Other parameters have little influence on the 
output power and energy efficiency.

5  OPTIMUM PERFORMANCE PARAMETERS

According to the above analysis, the output power and 
energy efficiency of the four-valve CAE are influenced 
by intake valve close angle, exhaust passage diameter, 
intake cam maximum lift, exhaust cam maximum 
lift and exhaust valve close angle. Therefore, in this 
section, the above five parameters will be optimized. 
Meanwhile, to keep the four-valve CAE running 
smoothly, the average temperature inside the cylinder 
is used as another objective function.

The coupling between parameters has no 
explicit expressions, according to the literature [15]. 
The independent optimal of individual parameters 
shows that the output power, energy efficiency, and 
temperature of a four-valve CAE cannot achieve 
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a)              b) 

c)              d) 

e)              f) 

g)              h) 
Fig. 10.  Influence of parameters on the efficiency and power
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optimum simultaneously. The ranges of parameters 
are shown in Table 4.

Table 4. Parameters range

Parameters Range
Intake cam maximum lift (IVL) 2 mm to 4 mm
Exhaust cam maximum lift (EVL) 4 mm to 7 mm
Intake valve close angle (IVC) 60° to 120°
Exhaust valve close angle (EVC) 330° to 360°
Exhaust passage diameter (EPD) 9 mm to 12 mm

Constraint functions such as the maximum 
acceleration of the valve train components and the 
minimum curvature radius are considered in the 
optimization procedure. 

In this paper, an orthogonal design [24] and [25] 

was used to obtain representative combinations of 
parameters. The optimal parameter combination 
for the expected indicators was obtained using grey 
relation analysis [26] and [27]. A part of the orthogonal 
array is formed by the parameters in Table 5.

Table 5. The orthogonal array of the four-valve CAE’s parameters 
(partial)

No. IVL [mm] EVL [mm] IVC [°] EVC [°] EPD [mm]
1 2 4 60 330 9
2 2 4.75 75 337.5 9.75
3 2 5.5 90 345 10.5
4 2 6.25 105 352.5 11.25
5 2 7 120 360 12
6 2.5 4 75 345 11.25
7 2.5 4.75 90 352.5 12
8 2.5 5.5 105 360 9
9 2.5 6.25 120 330 9.75

10 2.5 7 60 337.5 10.5

Details of the optimization procedure are 
presented in [10]. Through simulating calculations 
with the virtual prototype, the output power, energy 
efficiency and temperature are shown in Table 6, 
and the corresponding combination of parameters is 
shown in Table 7.

Table 6.  Optimal performance indicators

Pe [kW] η [%] θ [K]
range 4 to 6 20 to 40 210 to 250
value 5.95 23.1 249.9

Table 7.  Optimal combination of the parameters

Parameter IVL [mm] EVL [mm] IVC [°] EVC [°] EPD [mm]
Value 3.5 4 105 337.5 12

6  CONCLUSIONS

In this paper, energy loss during the working process 
was obtained by using air power. To improve output 
power and energy efficiency, a four-valve CAE 
was introduced. The prototype was designed to 
experiment and to compare the performance of the 
output power and torque of two-valve CAE and four-
valve CAE; the experiment was carried out under 
same working conditions. The eight factors related to 
the performance of the multi-valves were discussed, 
and some key parameters were optimized by using 
orthogonal design and grey relation analysis. The 
conclusions are summarized as follows:
1. The output torque and output power of the four-

valve CAE are higher than of the two-valve CAE. 
When the intake pressure is set at 0.6 MPa, and 
the rotation speed is 450 rpm, the output torque of 
the four-valve CAE is about 2.7 times that of the 
two-valve CAE. When the intake pressure is set 
at 0.7 MPa, and the rotation speed is 450 rpm, the 
output torque of the four-valves of CAE is about 
2.2 times that of the two-valve CAE. Moreover, 
the output torque and power differences of the 
two kinds of CAE ascend sharply with increasing 
rotational speed.

2. The energy efficiency and output power are 
impacted significantly by the intake valve close 
angle and exhaust passage diameter. When the 
intake valve close angle increases from 70° to 
130°, the energy efficiency decreases from 28 
% to 20 %. Moreover, in the first instance, the 
output power increases with an increase in the 
intake valve close angle; when the intake valve 
close angle is larger than 110°, the output power 
begins to decrease.

3. When the inlet pressure is 3 MPa, the rotational 
speed is 600 rpm, intake valve lift is 3.5 mm, 
exhaust valve lift is 4mm, intake valve close 
angle is 105°, exhaust valve close angle is 337.5 
and exhaust passage diameter is 12 mm, optimal 
output power equals 5.95 kW, the working 
efficiency equals 23.1 %, and the average 
temperature inside cylinder equals 249.9 K.
The optimization of the multi-valves CAE can 

significantly enhance the output power compared with 
a two-valve CAE. Moreover, the air power efficiency 
of the four-valve CAE is slightly higher than that of 
the two-valve CAE.
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8  NOMENCLATURE

A effective area, [m2]
Aw heat transfer area, [m2]
D diameter of piston, [m]
Cp specific heat at constant pressure, [J/(kg·K)]
Cv specific heat at constant volume, [J/(kg·K)]
h cam profile displacement, [m]
he heat transfer coefficient, [J/(m2·K)]
G mass flow, [kg/s]
L length of connecting rod, [m]
M mass of the piston, rings, pin and small end of the 

connecting rod, [kg]
m mass, [kg]
P power, [w]
G volume flow, [m3/s]
p pressure, [Pa]
ρ	 air density, [kg/m3]
V volume, [m3]
v velocity, [m/s]
W work done per cycle, [J]
β the angle of link and crank, [rad]
y piston displacement, [mm]
θ temperature, [K]
κ specific heat ratio,
φ crank angle, [rad]
γ polytropic exponent,
η efficiency, [%]
ω crank speed, [rad/s]

Subscripts
a ideal
s supply
u upstream
d downstream
in inflow
out outflow
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0  INTRODUCTION

In recent years, flexible manufacturing processes 
have gained increased attention from researchers and 
producers. Incremental sheet forming (ISF) is a “die-
less” and flexible manufacturing process from the 
cold-pressing industry, used for customized products, 
rapid prototyping, and small batch production series 
of sheet metal parts [1] and [2].

The ISF working principle presented in Fig. 
1 entails the sheet metal blank mounted on a fixing 
device consisting of a blank holder with or without a 
backing plate to support the part flange, and a clamping 
plate which is placed over the blank, fixing it most 
often by the tightening of several screws. The pack of 
plates is lifted to a greater height than the part depth, 
using various configurations of auxiliary components 
to ensure enough space below the blank to enable the 
part forming. Plastic forming is performed locally, 
usually by a simple shape tool with a hemispherical 
head [3], which is rotated by its axis, following a 
numerically controlled path. The part is divided into a 
number of layers from top to bottom, and at each layer 
the tool follows the CNC path, which is, in fact, the 
outer contour of the part. The distance between two 

consecutive layers is called an incremental step down 
(Δz). When one layer is completed, the tool descends 
by an incremental step and follows the part contour 
again. This operational stage is repeated until the final 
part is obtained [2] and [3]. The ISF process undergoes 
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In the incremental sheet forming simulation, finite element modelling typically was used to anticipate material behaviour, predict deformation 
forces, thickness reduction or to identify other information. Because the forming tool motions are difficult to be implemented in finite element 
method (FEM) software systems, and because of the large number of points that describe the tool path, in order to reduce data preparation 
time, this paper presents the implementation of a new software tool conceived by the authors in the process of the numerical simulation of 
incremental sheet forming. The software tool uses a CNC file in G-code format to reveal the interpolation point coordinates of the tool motions 
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Highlights
• The paper states the necessity of reducing the FEM model preparation time for ISF processes by reducing the difficulty of 

describing the forming tool motions for numerical simulation applications. 
• A new stand-alone software tool is developed to convert a CNC G-code file into a format specific for ANSYS, in order to 

facilitate swift tool path description in ISF processes.
• The new software tool can be easily used by any user without additional software skills. 
• The software tool is integrated into an ISF numerical simulation process.
• A case study proves the utility of the developed software tool.

Fig. 1.  ISF working principle [2], adapted from [3]
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continuous development, and for its improvement, 
in addition to experimental research, more modern 
techniques for the design of experiments (DOE) or 
finite element methods (FEM) are used [1] and [4]. 

FEM analysis has increased in confidence and can 
provide a first check on what works in the real world 
and what does not [5]. Various topics are simulated, 
starting with the most common mechanical issues 
up to thermal analysis, vibration frequency, forming 
simulations [6] to [8], fluid flow or injection moulding 
of plastic parts. Indeed, recently numerous specialists 
and users around the world have come to understand 
and implement FEM analysis. These make FEM 
suitable to be used and to improve many aspects: save 
time and money in a product lifecycle, simulation 
and validation of parts behaviour, force prediction, 
geometric deviations or parts stiffness.

1  FEM IMPLEMENTATION IN ISF PROCESSES

ISF processes have multiple applications in different 
industries [2] and [3], i.e. instrument and body panels 
in the aerospace industry, door and hood panels in 
the automotive industry, low volume or unique sheet 
metal products, products in medical industry: denture 
plates, ankle supports, metal helmets, and so on. This 
is one of the reasons that FEM is frequently used in 
ISF process simulation. Usually software systems 
like ABAQUS, LS-DYNA, or ANSYS are used to 
analyse or simulate the process and to study [2]; 
strains, forces, thickness reduction [9], the influence 
of tool parameters and path on deformation behaviour 
[10], springback amplitude and tool path correction 
[11], or the wrinkling phenomena of thin-walled parts 
manufactured with ISF or other processes [12] and 
[13]. The main steps for implementing FEM analysis 
for an incremental forming process are [2] and [14] 
design of the part and fixing device and devising the 
computer-aided design (CAD) models, generating 
the tool movements or the tool path, designing 
finite element assembly in FEM software, defining 
materials and apply boundary conditions, solving the 
model, and obtaining the results.

One of the main problems in FEM simulation 
in ISF processes is the considerable CPU time, an 
issue mentioned by many researchers. This is because 
of many nonlinear problems [14], because of tool 
trajectory complexity that consists of thousands of 
integration points, and because of a fine mesh or an 
adaptive meshing that has to be devised in the contact 
area between the tool and the sheet metal blank to 
obtain results as accurate as possible. Many solutions 
have been found for reducing this computational time. 

Robert et al. [15] used the incremental deformation 
theory of plasticity as a solution to improve the central 
processing unit (CPU) time in the ABAQUS FEM 
simulation of a cup made from aluminium sheet of 1.5 
mm thickness. Computational time can also be reduced 
by using explicit instead of an implicit solver [14]. 
Two other solutions used very often entail applying 
time scaling or mass scaling to the prepared FEM 
model, without affecting the results to a significant 
extent [16]. Benedetti et al. [17] applied mass scaling in 
SPIF numerical simulation, using ABAQUS explicit 
code, in order to achieve a user-specified time step 
size, reducing analysis computational cost and time. 
Naranjo et al. [18] concluded that a medium size blank 
mesh used in the FEM simulation of an incremental 
forming process in ANSYS, is in good agreement 
with the experimentally obtained values, while at the 
same time, by using this medium size mesh, CPU time 
was reduced. A simplified numerical approach was 
developed by Ben Ayed et al. [19] to simulate the ISF 
process. This approach called ISF-SAM is a simplified 
finite element model that succeeds to reduce the 
computation time by more than 50 % in comparison 
to the time required when using ABAQUS implicit 
code, with sufficiently accurate results prediction. A 
decoupling algorithm that separates the finite element 
model into two zones, the elastic and elasto-plastic 
deformation zones is proposed by Sebastiani et al. [20]. 
To reduce the computation time, during simulation 
this algorithm concentrates on the small elasto-plastic 
contact zone between tool and sheet, simplifying in 
this way the model solving. Bambach [21] applied a 
FEM simulation onto the asymmetrical incremental 
sheet forming, using an adaptive remeshing strategy 
based on a multi-mesh method combined with 
subcycling. It was concluded that by using these 
methods the calculation time is reduced by up to 80 
%. Zhang et al. [22] proposed a new selective element 
fission approach (SEF) to improve CPU time, reducing 
the unnecessary calculations of the area outside 
the plastic deformation zone. These methods entail 
different mesh densities for blank areas: a fine mesh 
in the tool-sheet contact area to improve the accuracy 
of results, and a coarse mesh outside the contact area 
to reduce unnecessary calculation. It was concluded 
that the SEF approach could save up to 74 % in terms 
of computational time with satisfactory accuracy for 
ISF processes. Therefore, many researchers aim to 
improve the computational time for FEM simulations 
of incremental sheet forming processes; in literature, 
many other implemented solutions can be found for 
this issue.
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A time-consuming phase in FEM implementation 
in ISF processes is not only the computational time 
but also the FEM model preparation time. In model 
preparation, because in ISF processes the tool path 
is not a simple one, the most difficult and time-
consuming phase is to specify the tool movements. 
The described tool path should be the same as for the 
manufacturing process. Usually, tool path generation 
is achieved by computer-aided manufacturing (CAM) 
software systems, which yield a computer numerical 
control (CNC) file, where the trajectories are described 
using G code format. However, FEM software 
systems usually do not allow introducing the CNC file 
or the G-codes directly as input, in order to describe 
the tool movements. Thus, solutions are required to 
describe the tool trajectories for incremental forming 
processes in FEM simulation. The input file of the tool 
trajectory for numerical simulation should be defined 
in terms of two parameters: tool points coordinates for 
each X, Y and Z direction, and time position. In simple 
cases, the tool path point coordinates can be manually 
processed by means of simple spreadsheets [14], [16] 
and [23]. For complex shapes, the point coordinates 
have to be extracted from the CAM programmed tool 
path or from the CNC G-code file manually or by 
other complex methods. Another research team [24] 
used LS-DYNA for the simulation of the incremental 
forming process, dedicated FEM software, and in 
order to specify the input of tool movement, started 
with the CNC program from which, using in a first 
stage a programming software called Python, an 
ordered file was extracted containing an array of five 
columns with the coordinates of tool positions for 
linear interpolations and two circle centre coordinates 
for circular interpolations [24]. This ordered file has 
been processed using Matlab software, in order to 
generate the final output for LS-DYNA simulation, the 
file which contains the tool position versus time data. 
Using more than one software tool to transfer data 
from a CNC to a FEM format, as used in reference 
[24] can be difficult, errors can occur, and the users 
certainly need special knowledge to work with such 
software systems. In this paper, the authors propose 
to solve this generation issue with a new software tool 
that can be integrated into ISF numerical simulation. 
From the user viewpoint, this software tool is a stand-
alone application and generates an input file for the 
ANSYS software system, which describes the tool 
movements in terms of tool points coordinates by all 
directions X, Y, Z and the tool movement time in each 
interpolation point. 

2  METHOD DESCRIPTION

The FEM model preparation stage for an ISF process 
is a complex and time-consuming operation, especially 
because of the enormous working volume required 
to describe the tool motions in FEM software. This 
stage can be improved in terms of preparation time 
reduction. Thus, a software application named tool 
motion points generator (TMPG) has been developed 
by the authors and integrated into a numerical 
simulation of an ISF process. The objective of this 
software tool is to convert a CNC G-code file obtained 
from a CAM software system into a file which 
contains the necessary input data in ANSYS format 
for ISF simulation. This software tool allows users, 
with no specialized software knowledge, to perform 
the quick conversion of a CNC G-code file into a text 
file that contains the tool motion points coordinates 
and time position necessary as inputs in ANSYS, for 
the description of the complete tool trajectories in ISF 
processes. It reduces the FEM model preparation time 
with a beneficial impact on the total implementation 
time of a numerical simulation for an ISF process. The 
TMPG software tool flow is presented in the block 
diagram in Fig. 2.

Fig. 2.  Software tool block diagram
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2.1  Software Tool Description

Many programming languages and systems allow 
the development of new customized software tools, 
such as LISP, Python, C++, Delphi, Matlab, Visual 
Basic and so on [24] to [26]. The software tool was 
conceived in the Delphi environment which uses the 
Object Pascal programming language. The graphical 
user interface (GUI) of the TMPG application shown 
in Fig. 3 is divided into four separate functional zones 
by their role in the software tool. Those areas which 
are different windows are highlighted with black 
frames. In the left upper corner area, coordinates of the 
interpolation points extracted from the CNC G-code 
file are displayed. Another text window displays the 
time values for each interpolation tool position. The 
area where the final output is displayed is the right 
upper corner. Thus, in this area, four successive arrays 
are written, one for each parameter, X, Y, Z coordinates 
and position time for all points. The fourth area is used 
for launching commands, is placed below the display 
zone and consists of eight buttons and an input box for 
the feed rate.

Each button from the GUI associated to the 
TMPG software tool has a specific role. When 
“Extract coordinates from CNC file” is pressed, first 
a warning message is displayed which warns the user 
that the CNC input file has to include in the first row 
with tool motion G-codes, all three coordinates X, 
Y, Z, otherwise the initial tool position is unknown. 
Once this aspect has been verified, the CNC file to 

be processed can be selected from a dialogue box. 
The X, Y, and Z coordinates for each interpolation 
point will be further displayed in the first zone of the 
TMPG interface. All coordinates are counted, and 
their numbers are displayed below each correspondent 
window. These numbers have to be equal; otherwise, 
errors occur in the final file. Taking into consideration 
the extracted points coordinates, the time for each 
point can be calculated by pressing the “Time 
calculation” button. This process uses the feed rate 
specified by the user and the distance between the 
previous and the current point in order to calculate 
the specific time for each tool position. The distance 
between two points A(xa, ya, za) and B(xb, yb, zb) is 
calculated using Eq. (1) [27].

 AB x x y y z zb a b a b a= −( ) + −( ) + −( )2 2 2
.  (1)

The obtained tool movement times are displayed 
in the “Calculated time” window. The button 
“Generate ANSYS format” generates and displays 
in the right upper area all four arrays in a specific 
format, needed as input into ANSYS for tool motion 
description. While running the software application 
allows saving additional files as follows: only the 
points coordinates, points coordinates and calculated 
time in intermediary files. The final ANSYS format 
output is also generated. The “Restart” has to be used 
for the processing of a new CNC file. 

Fig. 3.  TMPG software tool interface
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2.2  TMPG Input and Output Files

Considering that TMPG aims to generate the tool 
movements for an incremental forming process in 
a format that can be specified in ANSYS software, 
the software tool needs an input file. This input is a 
CNC G-code generated by a CAM software system. 
Fig. 4 presents a sequence of a G-code structure for 
a CNC file generated by using CATIA “Advanced 
Machining” workbench. 

In this example, the file extension is “NCCode”. 
There can be linear or circular interpolations. For 
circular interpolations, the trajectory is also described 
as a sum of very small linear movements, which at the 
end describe a circular motion. Thus, first, the CNC 
file has to be generated by using a CAM software 
system, to ensure an input data for the TMPG software 
tool.

The CNC input file will be processed by using 
the developed TMPG software tool, the final result 
being the obtained ANSYS output file. The data that 
can be accepted by ANSYS are a set of lines or arrays 
in a specific format for each position point parameter 
X, Y and Z and also for the tool position time. Fig. 5 
shows the text format for each parameter that will be 
specified as input in the ANSYS software system.

Fig. 4.  CNC G-code structure

a)   b) 

c)   d) 
Fig. 5.  Text format for ANSYS input; a) for the X-axis;  

b) for the Y-axis; c) for the Z-axis; d) for the tool position time

The symbols used in these files have the following 
meanings:
• UUX, UUY, UUZ and TTime are the names for 

each set of lines or arrays;
• n is the number of interpolation points in the 

CNC file;
• X1...Xn, Y1...Yn, Z1...Zn, T1...Tn - are the values 

for the X, Y, Z coordinates and time for each 
interpolation point.
In ANSYS parametric design language (APDL) 

there are two methods by that the available commands 
in ANSYS software can be used. The first method is to 
use the GUI to access the commands, and the second 
method is to use the “command prompt” to run the 
specific commands by writing the codes that are the 
abbreviation of these commands [28]. For specifying 
the generated parameters for tool movements, the 
proper way is to use the “command prompt” to input 
the generated data by using the developed TMPG 
software tool. Thus, the TMPG software tool generates 
four arrays, one for each parameter X, Y, Z and Time. 
All these arrays are automatically written by the 
developed software tool in a single text file which can 
be introduced as input for tool movements, or simply 
copy the text file to ANSYS “command prompt”.

3 INTEGRATING AND VALIDATING  
THE NEW SOFTWARE TOOL IN AN ISF PROCESS -  

A CASE STUDY

The objective of the case study is to integrate the new 
software tool into an ISF process, to verify if various 
dimensional configurations of a frustum of the cone 
can be manufactured without fracture and, at the same 
time, to predict the values of the developed forces. 
These force values will be used to determine whether 
a Victor Vcentre-55 CNC milling machine can be 
used for experimental research in incremental sheet 
forming. In incremental forming, the forming tool 
applies force on the sheet blank, thus producing a local 
plastic deformation of the contact surface between 
tool and sheet. The three components of the force are 
the radial force Fx, the tangential force Fy and the 
axial force Fz that typically is the largest [2] and [29]. 
Further determined in this case study whether this 
milling machine is capable of applying enough force in 
X, Y and Z directions, for an incremental deformation 
of the experimental sheet metal parts manufactured 
from DC05 deep drawing steel of 1mm thickness. To 
check if the part configurations can be manufactured 
and to estimate the values of the forces, a numerical 
simulation in ANSYS/LS-DYNA FEM software was 
performed, using the TMPG software tool to obtain, 
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in a short time, the time tool movements and points 
coordinates. For a better overview of the process 
behaviour and the force variation, six numerical 
simulations were performed for different geometrical 
configurations of the experimental part presented in 
Fig. 6.

Fig. 6.  Experimental frustum of a cone

Different parts variants with different wall angles 
ϕ (40°, 50° and 60°) and height values (35 mm, 45 mm 
and 50 mm) are analysed, manufactured from deep 
drawing sheet metal blank DC05 of 1 mm thickness. 
For each variant, two step depth Δz were used: 0.5 
mm and 1 mm. The FEM models for simulation were 
prepared in ANSYS APDL and solved using an LS-
DYNA explicit solver [30] and [31]. Fig. 7 presents the 
main steps for the implementation of FEM simulation 
in the incremental forming process. The 3D model of 
the part was designed in CATIA V5 CAD workbench, 
and then the tool trajectories were generated also in 
CATIA V5 Advanced machining workbench, from 
where the CNC file was obtained. Then, the CNC 
file was processed by using the developed TMPG 
software tool to obtain the needed ANSYS file. Thus 
in a few minutes, the application generated all four 
arrays with a minimum effort, which serve as input 
for ANSYS to describe the tool motion. Furthermore, 
in ANSYS, the materials were defined, the boundary 
conditions were applied, and an output K type file 
“Ansys_output.k” was obtained. This K file serves as 
input for the LS-DYNA explicit solver that will run 
and solve the simulation [30] and [31]. As an example 
of the obtained final result, Fig. 8 presents the plots 
for the frustum of a cone with a wall angle ϕ = 60° and 
H = 50 mm formed by using a step depth Δz = 1 mm.

The results for all the six studied parts were 
summarized in Table 1 that features the maximum 
values for the axial and radial forces. Because the 
frustum of a cone is an axis-symmetric part, the 
maximum force in the X direction is equal to the 
maximum force value in the Y direction. For this 
reason, the radial force is measured only in one 
direction, in this case in the X direction. Only the 
largest values of the forces from all six simulations 
results are necessary to check if the selected CNC 

Table 1.  Axial and radial forces for each part configuration

Part configuration
Maximum 
axial force 

[N]

Maximum 
radial force 

[N]

ϕ = 40°, H = 35 mm, Δz = 0.5 mm 2062.2 711.17

ϕ = 40°, H = 35 mm, Δz = 1 mm 2189.3 786.44

ϕ = 50°, H = 45 mm, Δz = 0.5 mm 2516.0 1104.8

ϕ = 50°, H = 45 mm, Δz = 1 mm 2760.7 1196.7

ϕ = 60°, H = 50 mm, Δz = 0.5 mm 2650.2 1443.2

ϕ = 60°, H = 50 mm, Δz = 1 mm 2931.9 1624.1

Fig. 7.  Main steps for the implementation of FEM simulation

a) 

b)

c)

Fig. 8.  Obtained results for ϕ = 60°, H = 50 mm and Δz = 1 mm 
part configuration;  a) resulted FEM model; b) axial force plot;  

c) radial force plot
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a) 

b) c) 
Fig. 9.  Setup used for ISF process implementation; a) Victor Vcentre-55 CNC milling machine; b) sheet metal fixing device;  

c) elements for ISF implementation, adapted from [33]

a) 

b) 

c) 
Fig. 10.  Experimental parts; a) FEM model and manufactured part for ϕ = 40°, H = 35 mm, Δz = 0.5 mm configuration; 

b) FEM model and manufactured part for ϕ = 50°, H = 45 mm, Δz = 0.5 mm configuration; 
c) FEM model and manufactured part for ϕ = 60°, H = 50 mm, Δz = 1 mm configuration
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milling machine can be used for the ISF process. 
From Table 1, it follows that in order to be deformed 
the part configuration with wall angle 60̊, height 50 
mm and step depth 1 mm requires the largest forces 
both axial and radial. These values are 2931.9 N for 
the axial force and 1624.1 N for the radial force.

The CNC milling machine Victor Vcentre-55 
is capable of developing, based on its X, Y, Z axis 
ball screws transmission, over 22000 N force along 
the X and Y axes and over 33500 N force along the 
Z axis [32]. To avoid damaging the CNC machine 
mechanisms over time, the manufacturer recommends 
that in ISF processes, the developed forces do not 
exceed half of the above-specified values. In this case, 
the maximum radial and axial forces resulted from 
FEM simulation are smaller than the recommendation 
of the milling machine manufacturer. Fig. 9 shows the 
CNC milling machine, the sheet metal blank fixing 
device and a short overview of the setup used to 
implement the ISF process [33].

With regard to parts forming, the numerical 
simulation prediction that all the part configurations 
can be manufactured without fracture was validated 
by machining the parts. Fig. 10 presents both the 
numerically simulated and the manufactured parts for 
three configurations using a step depth of 0.5 mm. 

The conclusion of the case study is that the new 
software tool is successfully integrated into an ISF 
process, and the selected part configurations were 
manufactured without fracture in accordance with the 
numerical simulation prediction. The considered CNC 
milling machine can be used safely for machining the 
presented parts within future experimental research in 
the field of incremental sheet metal forming.

4  CONCLUSIONS

In the numerical simulation of incremental forming 
processes, the preparation of the FEM models is a 
time-consuming stage because the FEM software 
systems do not allow introducing the CAM 
programmed tool paths directly as inputs. The paper 
presents an original software tool named TMPG 
which ensures an easy way to obtain the tool path 
points coordinates and their position time that 
have to be introduced into ANSYS software for 
the description of the tool motion. This software 
tool allows any user with no specialized software 
knowledge, the quick processing of the tool path 
CNC file, finalized with the generation of a text file 
that contains the information needed to describe the 
same tool trajectories in ANSYS software. The TMPG 
utility was proved in a case study of simulating an 

ISF process of a different frustum of cone geometrical 
configurations, highlighting the importance of the 
software tool in the FEM model preparation process. 
The special utility of the new software tool developed 
by the authors consists in the fact that the ANSYS file 
for tool movement description is obtained in a very 
short time. By using the TMPG application, the FEM 
model preparation time is reduced substantially, thus 
avoiding the manual processing or other complex 
software tools that require additional knowledge and 
special skills.
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V mnogih industrijskih aplikacijah obstaja potreba po nadzorovanju sile, npr. pri rokovanju z materialom ali pri 
obdelavah, kjer je vrh robota v stiku z opremo. Problem regulacije sile je kompleksnejši od problema regulacije 
položaja in praktična izvedba je pogosto težavnejša, saj je dinamika bremena del zaprtozančnega sistema. Eden od 
načinov za premagovanje problemov, povezanih s sistemi za regulacijo sile, je s povečanjem podajnosti, ki jo je 
mogoče aktivno ali pasivno upravljati oz. spreminjati. Pasivni podajni sistemi za nadzorovano silo potrebujejo za 
odzivanje brez oscilacij fleksibilno povezavo med aktuatorjem in bremenom, npr. z vzmetjo. Ta pristop omogoča 
shranjevanje energije in se uporablja pri varnostno kritičnih aplikacijah. 

Stisljivost fluida v hidravličnih aktuatorjih zagotavlja učinek vzmeti, ki ga je mogoče opisati s hidravlično 
togostjo. Izkoristiti ga je mogoče s kapacitivnimi hidravličnimi komponentami, kot so gibke cevi ali zbiralniki. 
Da bi se izognili uporabi vzmeti, je v članku predstavljen pravi hidroelastični aktuator (PHEA), ki uporablja za 
zmanjšanje togosti prenosa samo hidravlične komponente. S takim pristopom je mogoče zagotoviti neposredno 
povezavo med aktuatorjem in bremenom, tako pa se poenostavi mehanska konstrukcija in prihrani prostor v 
aksialni smeri.

Uveden je analitični model za ocenjevanje ustrezne vrednosti hidravlične togosti in na osnovi tega je podan 
postopek za izbiro komercialne hidravlične gibke cevi po katalogu. Sposobnost upiranja premikom bremena 
zahteva čim manjšo hidravlično togost, vrednost pa mora biti vsaj večja ali enaka hidravlični togosti, ki je 
potrebna za zahtevano funkcijo. Zmogljivost sistema je opredeljena s kompromisom med hidravlično togostjo, 
proporcionalnim ojačenjem regulatorja in dolžino gibke cevi.

Predstavljen je nelinearni model, ki je bil validiran z eksperimentalnimi rezultati s preizkuševališča. Zasnovan 
je robustni regulator na osnovi kvantitativne teorije povratnih zank, ki zagotavlja izboljšano stabilnost, delovanje 
in odpornost sistema za regulacijo sile proti motnjam. V primerjavi s sistemi togih cevi se je izkazalo izboljšanje 
odziva sistema s hidravlično podajnimi komponentami na stopničaste spremembo sile. Zmanjšanje hidravlične 
togosti z uporabo gibkih cevi z velikim volumskim raztezkom prinese zmanjšanje izhodne impedance in odmiki 
bremena povzročijo manjše spremembe sile. Ker je sistem zaradi zmanjšanja hidravlične togosti bolj podajen in 
konzervativen, se zmanjša kompleksnost regulatorja in tako bi bilo mogoče uporabiti tudi druge vrste regulatorjev, 
vključno s klasičnim PID.

Glavni prispevek študije je torej v predstavitvi možnosti za hidravlično dodajanje podajnosti in s tem 
za regulacijo sil med aktuatorjem in zunanjim bremenom brez vzmeti, ter v določitvi analitičnega postopka 
za izbiro hidravličnih gibkih cevi, ki so potrebne za doseganje tega cilja. V prihodnjih raziskavah bi bilo treba 
razviti postopke izbire zbiralnikov s poudarkom na regulaciji sile in analizi hidravličnega blaženja za izboljšanje 
učinkovitosti regulacije sile pri sistemih s pravim hidroelastičnim aktuatorjem (PHEA).
Ključne besede: hidravlična regulacija sile, hidravlična podajnost, gibka cev z velikim volumskim 
raztezkom, regulacija QFT, stisljivost fluidov, dinamično modeliranje
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Gretje s ploščatimi sončnimi kolektorji  
v kombinaciji s toplotno črpalko

Marčič, S. – Seme, S. – Salamunić, J.J. – Praunseis, Z. – Pehan, S.
Simon Marčič1 – Sebastijan Seme1 – Julijan Jan Salamunić1 – Zdravko Praunseis1 – Stanislav Pehan2,*

1 Univerza v Mariboru, Fakulteta za energetiko, Slovenija 
2 Univerza v Mariboru,  Fakulteta za strojništvo, Slovenija

Namen predstavljene raziskave je bil ugotoviti učinkovitost ploščatih sončnih kolektorjev v kombinaciji s toplotno 
črpalko. Problem, ki nastopi pri gretju stanovanjskih stavb in gretju sanitarne vode je, da ni povsem jasno, kaj 
sploh narediti s sončnimi kolektorji, ki so bili na objekte postavljeni pred nekaj leti, torej pred časom, ko so se 
pojavile učinkovite toplotne črpalke. Pred lastniki in uporabniki nastopi dilema, ali je sploh smiselno še naprej 
uporabljati in vzdrževati sistem kolektorjev, pojavi se dilema ali se naj takšen sistem nadgradi s toplotno črpalko 
kapljevina-kapljevina ali pa kolektorje sneti in uporabiti zgolj toplotno črpalko zrak-kapljevina. 

Prikazana je osnovna teorija, ki omogoča ocenjevanje sistemov za gretje, predvsem pa so izvedeni eksperimenti 
ter narejene obširne analize, da bi dobili odgovor na vprašanje o smiselnosti nadaljnje uporabe ploščatih sončnih 
kolektorjev. Narejeno je bilo priročno namensko preizkuševališče, postavljeno na terenu, ki je sestavljeno iz 
sončnega kolektorja, toplotnih črpalk in 300-litrskega hranilnika toplotne energije. Preizkuševališče je opremljeno 
z ustreznimi tipali in sistemom za zajemanje podatkov. Da bi dobili dovolj argumentirane informacije, so meritve 
in analize podatkov potekale v različnih letnih časih in ob skrajno različnih vremenskih razmerah. 

Meritve so potekale preko celega dne. Presledek med zajemanji podatkov je bil okoli 10 minut. Narisani 
so ustrezni diagrami, ki predstavljajo realne situacije, ki se dogajajo v praksi. Na temelju izmerjenih veličin; 
temperatur, svetilnosti, orientacije sončnih kolektorjev, vremenske situacije in rabljene električne energije, so 
bili narejeni izračuni toplotnih števil, sledila pa je primerjalna analiza toka energij. Analiza rezultatov meritev 
je pripeljala do zaključka, da so ploščati sončni kolektorji, ne glede, kako jih vežemo v sistem gretja s toplotno 
črpalko, kot samostojni grelci, vzporedno ali zaporedno vezani, pravzaprav neuporabni. 

Sončni kolektorji so učinkovitejši od same toplotne črpalke zrak-tekočina zgolj v primeru izrazito sončnega 
poletnega dne. Izračuni grelnih števil so v bistvu zavajajoči, vsi dvomi o dominaciji toplotnih črpalk zrak-tekočina 
pa se razblinijo, ko se izpostavijo energijski tokovi in ko iščemo odgovore o ekonomičnosti gretja. Novosti v 
članku predstavljajo meritve in analize več različnih modernih sistemov in njihovih kombinacij za gretje stanovanj 
in sanitarne vode z namenom, da se nedvoumno izpostavi njihova učinkovitost glede rabe energije. Analize so 
podprte s teoretičnim ozadjem, ki omogoča logično pojasnjevanje zaključkov, ki sledijo iz meritev. 

Raziskava je obširna, a se ne spušča v tehnične podrobnosti posameznih ogrevalnih sistemov, ker je vsa 
pozornost osredotočena na primerjalno energijsko učinkovitost posameznih principov delovanja.  
Ključne besede: ploščati sončni kolektorji, toplotne črpalke, ogrevanje, toplotno število, preizkuševališče, 
učinkovitost gretja
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Raziskava odkrivanja in upočasnitve napredovanja razpok  
v nelinearnih rotorjih

Liu, J. – Liu, W. – Wang, Y.
Jun Liu1,2,* – Weilong Liu1 – Xiaofeng Wang1,2

1 Državni laboratorij v Tianjinu za konstruiranje in inteligentno upravljanje naprednih mehanskih sistemov, Kitajska 
2 Nacionalno demonstracijsko središče za izobraževanje na področju eksperimentalne mehanike in elektrotehnike, Kitajska

Pojav in napredovanje razpok v nelinearnih rotorjih motorjev lahko privede do hudih nesreč, zato je zelo 
pomembno, da je z analizo vibracij mogoče zaznati razpoko v sistemu rotorja ter upočasniti njeno napredovanje. 
Signali vibracij razpokanega rotorja v prehodnem odgovoru so neperiodični in nelinearni. Značilnosti razpoke 
se zlahka skrijejo med drugimi komponentami vibracij in jih je težko izločiti iz prehodnih signalov. Zato je za 
izločanje informacij o razpokah v rotorjih predlagana Hilbert-Huangova metoda marginalnega spektra (HHMS).

Za postavitev matematičnega modela in reševanje diferencialnih enačb z numerično integracijo so bili 
uporabljeni teorija dinamike rotorjev, nelinearna dinamika, enačbe gibanja sistema rotorja z razpoko ter model 
stopnje odpiranja in zapiranja razpoke. Predlagana je uporaba metode HHMS za izločitev značilnosti napake 
iz signala vibracij sistema nelinearnega rotorja. Predstavljena je tudi primerjava uporabljene metode in valčne 
metode.

V raziskavi je bil uporabljen pristop z izločitvijo značilnosti razpoke iz prehodnega odgovora na osnovi 
teorije dinamike rotorjev. Za izločitev značilnosti napake iz signala vibracij nelinearnega rotorja je uporabljena 
metoda HHMS, upočasnitev napredovanja razpoke pa je uresničljiva s prilagoditvijo raznih parametrov rotorja. 
Uspešnost metode je bila sistematično preverjena s simulacijami in eksperimenti. Raziskava je bila omejena na 
prečne razpoke in na upočasnitev napredovanja razpok v sistemu rotorja.

V raziskavi je predlagana uporaba metode HHMS na prehodnem odgovoru za odkrivanje razpok v nelinearnih 
rotorjih. Rezultati simulacije so pokazali, da je predlagani pristop primeren za ocenjevanje prisotnosti zgodnjih 
razpok v sistemu rotorja. HHMS poleg tega omogoča nedvoumno ugotovitev obstoja razpok z globino, ki dosega 
približno 5 odstotkov premera rotorja. V članku je predstavljena nova metoda za opisovanje stopnje odpiranja in 
zapiranja razpok, obravnavana pa je tudi upočasnitev napredovanja razpok z različnimi parametri rotorja. Sledijo 
rezultati raziskave.
1. Rezultati eksperimentov in simulacij potrjujejo učinkovitost predlagane metode HHMS za izločanje 

značilnosti razpok iz prehodnih odgovorov. HHMS s svojim integracijskim učinkom točno odraža dejanske 
frekvenčne komponente v prehodnem signalu.

2. Med vzletom ali pristankom letala, izvajanjem akrobatskih prvin, vzpenjanjem in strmoglavim letom je 
mogoče napredovanje razpoke upočasniti s povečanjem vrtilnega pospeška in pojemka.

3. Z ustrezno nastavitvijo kota β in podpore rotorja je mogoče upočasniti napredovanje razpoke, npr. z 
zmanjšanjem simetričnega nelinearnega člena β(0) in s povečanjem vrednosti asimetričnega nelinearnega 
člena εc(1) in εs(1).
Metoda HHMS se je v raziskavi izkazala za zanesljivo pri odkrivanju razpok v nelinearnih rotorjih na osnovi 

prehodnega odgovora. Trenutno je na voljo več metod za identifikacijo in diagnosticiranje razpok v sistemu 
rotorja, le redke pa so primerne za odkrivanje razpok v nelinearnih rotorjih na osnovi prehodnega odgovora in 
lahko izkoristijo mehanizme razpokanega rotorja za upočasnitev napredovanja razpoke. 

Sistem rotorja mora biti za možnost zanesljivega odkrivanja razpok razmeroma dobro uravnotežen.
Z metodo HHMS je mogoče učinkovito izločiti signale razpok iz kompleksnih signalov vibracij. Metoda 

HHMS je v primerjavi z valčno metodo občutljivejša in točnejša metoda za izločanje značilnosti iz prehodnih 
signalov vibracij sistemov rotorjev z razpoko. Eksperimenti so potrdili rezultate teoretičnih simulacij. Metoda je 
primerna tudi za industrijsko rabo.
Ključne besede: razpokan rotor, prehodni odgovor, Hilbert-Huangov marginalni spekter, valčna metoda, 
odkrivanje razpok, upočasnitev napredovanja razpok
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Vpliv celične strukture v telesu zobnika na vibracije,  
ki jih povzroča ubiranje

Riad Ramadani1,* – Marko Kegl2 – Jožef Predan2 – Aleš Belšak2 – Stanislav Pehan2

1 Univerza v Prištini, Fakulteta za strojništvo, Kosovo 

2 Univerza v Mariboru, Fakulteta za strojništvo, Slovenija

Članek obravnava metodo za omejevanje vibracij in hrupa zobnikov. Problem, ki nastopa pri vsakovrstnih 
zobniških prenosnikih, so vibracije, ki nastopajo zaradi samega principa prenosa moči med zobatima kolesoma. 
Ker se zaradi ubiranja zob spreminja vzmetna konstanta torzijskega sistema, je ta sprememba že sam po sebi 
razlog za vibracije in hrup, pa četudi se prenaša povsem konstanten moment. 

Glavna metoda, ki zmanjša prenos vibracij na okolje, je spremenjena notranja konstrukcija zobniškega telesa. 
Namesto polnega zobniškega telesa je to telo sestavljeno iz celic, nekakšne palične strukture. Topologija celične 
strukture je optimizirana tako, da se bistveno zmanjša masa celotnega zobnika, napetosti v strukturi pa se dvignejo, 
a še vedno tudi na mestih prehodov ostanejo daleč pod nivojem kritičnih. Takšna struktura postane v primerjavi 
s polnim telesom za velikostni razred bolj elastična. Koncentrirane lokalne obremenitve, ki nastanejo na zobnih 
bokih, se najprej razpršijo po telesu zobnika, nato pa skozi strukturo potujejo po zapletenih poteh, kjer nastopa več 
raznovrstnih deformacij, pri čemer se energija vibracij zmanjšuje, kar vodi do njihovega dušenja. 

Postavljena je bila hipoteza, da bi k zmanjšanju vibracij pripomogla polimerna matrica, ki bi jo naknadno 
vtisnili v odprto celično strukturo zobniškega telesa. Hipoteze so bile preverjene tako, da so se s 3D-laserskimi 
printerji izdelali vzorčni zobniki s celično strukturo, nato pa so se njihove lastnosti primerjale z referenčnimi 
zobniki na preizkuševališču. 

Preizkuševališče je bilo narejeno tako, da so zobniki ubirali v zaprti zanki, ker se je na ta način lahko zelo 
udobno in natančno kontroliralo obremenitve, ki so jih prenašali. Zaradi relativne majhnosti, enostavnosti in 
kompaktnosti preizkuševališča je bilo možno v laboratorijskih razmerah realizirati obratovanje referenčnih in 
zobnikov s celično strukturo telesa v ustreznem ohišju, kjer so bili kontrolirani pogoji obratovanja tako glede 
mazanja, vrtilne frekvence, momenta kot tudi glede temperature. Na zobnike, ki so bili predmet opazovanja, so 
bili nameščeni mini senzorji oziroma merilni lističi, mini mikrofoni ter miniaturna tipala pospeškov, in sicer enkrat 
tik ob izvoru vibracij, na zobnem vencu zelo blizu zobnega korena, ter drugič na pestu zobnika oziroma v njegovi 
neposredni bližini. Med obema setoma senzorjev je bilo le zobniško telo, zato se je na ta način lahko meril vpliv 
strukture telesa na prenos vibracij. Ohišje testnega gonila je bilo opremljeno s prosojno steno, tako da je bilo 
mogoče stanje zobnikov tudi med preizkušanjem spremljati s pogledom. Tipala so bila povezana z mikro-drsniki z 
ustrezno merilno opremo in analizatorji signalov, tako da so bili narisani karakteristični diagrami, ki so vsebovali 
elementarne podatke o tem, kako se s časom spreminjajo amplitude in frekvence nihanj, pospeški in hrup, ki se 
prenaša preko okoliškega zraka. 

Analiza podatkov, ki so bili dobljeni z eksperimenti, je potrdila hipotezo, da celična struktura zobniškega 
telesa odločilno vpliva na zmanjšanje nihanj, ki so posledica delovanja zobnikov. Analiza je pokazala, da pa je treba 
celično strukturo skrbno optimizirati, saj se s takšnim pristopom izognemo lokalnim koncentracijam napetosti, ki 
bi lahko bistveno poslabšale trdnostno strukturo celotnega sistema. Posebno dodano vrednost v obliki močnega 
dušenja vibracij predstavlja vtisnjena polimerna matrica. Predlagan pristop za zmanjšanje vibracij zobnikov je 
novost v svetu po teoretični, znanstveni in praktični plati tako zaradi uporabljene optimizacije topologije celične 
strukture kakor tudi zaradi integracije polimerne matrice. 
Ključne besede: vibracije, zobniki, celična struktura, optimizacija topologije, preizkuševališče, analiza 
signalov
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Preverjanje sposobnosti merilnega sistema za identifikacijo virov 
variabilnosti pri strižnem preizkusu uporovnih točkovnih zvarov
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V raziskavi je bila opravljena gnezdena študija ponovljivosti in obnovljivosti (NGR&R) merilnega sistema 
z analizo variance (ANOVA) za identifikacijo komponent variabilnosti pri strižnem preizkusu z delovanjem 
natezne sile, s katerim se ugotavljata dve lastnosti: strižna in natezna trdnost. Eksperimenti so bili opravljeni z 
vroče pocinkanim jeklom po načrtu DOE, v katerem izbrani preizkušanci predstavljajo realno amplitudo procesa. 
Uporovno točkovno varjenje (UTV) je tehnika spajanja konstrukcijskih elementov, ki je razširjena v avtomobilski 
industriji zaradi svoje prilagodljivosti, primernosti za avtomatizacijo, preprostega rokovanja, raznovrstnih 
možnosti in nizkih stroškov. Zaradi razširjenosti in pomena tehnologije UTV v industriji so bile razvite nove 
metodologije za prilagajanje parametrov, ki prispevajo k nadzoru in sposobnosti procesa. 

Preizkušanec je v strižnem preizkusu izpostavljen delovanju sil v nasprotnih smereh. Težnje po boljši 
kakovosti vodijo industrijska podjetja k nenehnemu izboljševanju učinkovitosti. Tudi kadar je vsa pozornost 
posvečena izboljšavam procesa, ta zato ni nujno boljši, saj so lahko viri variabilnosti tudi v merilnem sistemu. 
Obstaja torej potreba po verifikaciji variabilnosti merilnih sistemov v industrijskih procesih, kot je UTV. 

Za nadzorovanje in spremljanje kakovosti rezultatov UTV je na voljo več preizkusov za določanje mehanskih 
lastnosti, kot je strižni preizkus. Gre za porušno preiskavo, s katero se vrednoti mehanska trdnost zvarne točke. 
Porušne preiskave v avtomobilski industriji se izvajajo z občasnim vzorčenjem. Kakovost procesov se verificira 
s kvantitativnimi metodami in variabilnost v rezultatih porušnih preiskav lahko izhaja tako iz proizvodnega 
procesa kakor tudi iz samega merilnega sistema. V tem primeru se je treba pri eksperimentalnih postopkih izogniti 
merilnim napakam.

Ponovljivost je določena z variabilnostjo sistema pri vnaprej določenih pogojih merjenja (del, okolje, operater, 
merilna oprema) enega samega preizkušanca. Obnovljivost je določena s povprečno variabilnostjo merilnega 
sistema med različnimi operaterji, ki merijo isti preizkušanec z isto opremo. 

Predstavljena analiza merilnega sistema s primerjavo strojev za natezni preizkus (stroja 1 in 2), na katerih se 
izvajajo porušne preiskave (denimo strižni preizkus) rezultatov procesa UTV, je izviren prispevek, saj objavljena 
poročila o tovrstnih analizah procesa UTV ne vključujejo podobnih vrednotenj. Poleg tega je na osnovi pregledane 
literature mogoče potrditi tudi pomen uporabe pocinkanega jekla v tem procesu. Glede na pomen merilnih 
sistemov v industrijskih procesih (še posebej pri UTV) je v članku predstavljena študija NGR&R merilnega 
sistema za strižni preizkus, s katero so bili preverjeni viri variabilnosti merilnega sistema v procesu UTV, in 
sicer s primerjavo dveh strojev za natezni preizkus po metodi ANOVA. Omejitve procesnih parametrov so bile 
za zagotavljanje želenih načinov odpovedi opredeljene na podlagi preliminarnih preizkusov. Uporabljena je bila 
metoda načrtovanja eksperimentov (DOE), tako da so lastnosti uporabljenih preizkušancev predstavljale realno 
amplitudo procesa UTV.

Ugotovljeno je bilo, da daje stroj št. 1 večji prispevek k variabilnosti sistema in da njegovi merilni rezultati 
niso pod nadzorom, kakor tudi da ima ta stroj manjšo stopnjo ponovljivosti kot stroj št. 2. Poleg tega stroj št. 1 ni 
bil dobro nastavljen, saj je več preizkušancev med testi zdrsnilo. Iz rezultatov sledi sklep, da so potrebne določene 
izboljšave pri vpenjanju preizkušancev s prevlekami (kot je pocinkana pločevina), s katerimi bodo odpravljeni 
zdrsi, rezultati preizkusov s tovrstno opremo pa bodo zanesljivejši.

Ugotovljena je bila tudi večja variabilnost meritev pri preizkušancu št. 7, še posebej na stroju št. 1. Nova 
študija po identifikaciji odstopajočega dela je pokazala zmanjšanje variabilnosti sistema za merjenje natezne 
trdnosti, novi točki zunaj nadzora pa sta bili ugotovljeni pri preizkušancih št. 1 in 2.
Ključne besede: točkovno varjenje, analiza merilnega sistema, strižni preizkus, NGR&R, ANOVA, DOE, 
variabilnost
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Raziskava zmogljivosti štiriventilskega motorja na stisnjen zrak
Yu, Q. – Tan, X. – Meng, J.G. – Shang, F. – Hao, X.Q.

Qihui Yu* – Xin Tan – Jianguo Meng – Fei Shang – Xueqing Hao
Znanstvenotehniška univerza Notranje Mongolije, Šola za strojništvo, Kitajska

Motorji z notranjim zgorevanjem (MNZ) v transportnih vozilih so eden glavnih virov onesnaževanja zraka. 
Onesnaževala iz MNZ po nekaterih poročilih predstavljajo do 30 odstotkov vseh onesnaževal v zraku. Z namenom 
zmanjševanja teh vplivov se porajajo številne alternative za MNZ, med njimi tudi motorji, ki jih poganja energija iz 
baterij. Zanimivo možnost za transportna vozila predstavlja tehnologija motorjev na stisnjen zrak (MSZ), ki lahko 
obratujejo praktično brez onesnaževanja. Vozila, ki jih poganja stisnjen zrak, so bila v prvih preizkusih omejena 
z zmogljivostjo rezervoarjev. Da bi lahko začeli uporabljati MSZ v vlogi glavnih avtomobilskih pogonov, bodo 
potrebne še določene spremembe na sistemu za distribucijo stisnjenega zraka. V članku so opisani štiriventilski 
MSZ, ki lahko izkoristijo več energije v delovnem procesu. Problem, ki ga obravnava študija, je izboljšanje 
energijskega izkoristka, za reševanje pa je bila uporabljena metoda večkriterijske optimizacije. Študija zajema 
MSZ z energijskim izkoristkom nad 20 % in izhodno močjo nad 5,5 kW.

V članku je opisan izkoristek tradicionalnih MSZ. V izračunu moči motorja je upoštevana kinetična energija 
toka zraka, energija izotermne ekspanzije in moč v izpuhu. Kadar je efektivni prerez majhen ter je razmerje med 
vhodnim in izhodnim tlakom pod kritično vrednostjo, je treba upoštevati kinetično energijo. Učinkovit ukrep 
za izboljšanje zmogljivosti pri visokih hitrostih je povečanje efektivnega prereza in v ta namen je predlagan 
štiriventilski MSZ. Vrtilno gibanje ročične gredi MSZ se prenaša na sesalno in izpušno odmično gred prek 
krmilnega jermena in jermenic. Za analizo energijskega izkoristka in izhodne moči batnega MSZ je bil razvit 
matematični model batnega MSZ na osnovi energijske enačbe, zakona o ohranitvi mase, enačbe pretoka, enačbe 
stanj, enačbe strukture in enačbe gibanja. Zmogljivost štiriventilskega MSZ je bila določena s simulacijami, 
za eksperimentalno preverjanje teoretičnega modela pa je bil zasnovan prototip štiriventilskega MSZ. Vpliv 
parametrov je bil analiziran s pomočjo matematičnega modela. Za optimalen energijski izkoristek in moč so bili 
s pomočjo ortogonalnega načrta in sive relacijske analize optimizirani parametri kot zapiranja sesalnega ventila, 
premer izpušnega prehoda, največji dvig sesalnega odmikala, največji dvig izpušnega odmikala in kot zapiranja 
izpušnega ventila.

Rezultati so zbrani v nadaljevanju:
1) Izhodni navor in izhodna moč štiriventilskega MSZ sta večja kot pri dvoventilskem MSZ. Ko je sesalni tlak 

nastavljen na 0,6 MPa in je vrtilna hitrost 450 vrt./min, je izhodni navor štiriventilskega MSZ približno 2,7-
krat večji kot pri dvoventilskem MSZ. Ko je sesalni tlak nastavljen na 0,7 MPa in je vrtilna hitrost 450 vrt./
min, je izhodni navor štiriventilskega MSZ približno 2,2-krat večji kot pri dvoventilskem MSZ. Razlika v 
izhodnem navoru in moči obeh izvedb se strmo povečuje z višanjem vrtilne hitrosti.

2) Na energijski izkoristek in na izhodno moč pomembno vplivata kot zapiranja sesalnega ventila in premer 
izpušnega prehoda. Ko se kot zapiranja sesalnega ventila poveča s 70° na 130°, se energijski izkoristek 
zmanjša z 28 % na 20 %. V prvem primeru se izhodna moč povečuje s povečevanjem kota zapiranja sesalnega 
ventila do 110°, nato pa se začne izhodna moč spet zmanjševati.

3) Pri vhodnem tlaku 3 MPa, vrtilni hitrosti 600 vrt./min, dvigu sesalnega ventila 3,5 mm, dvigu izpušnega 
ventila 4 mm, kotu zapiranja sesalnega ventila 105°, kotu zapiranja izpušnega ventila 337,5° in premeru 
izpušnega prehoda 12 mm je optimalna izhodna moč 5,95 kW, delovni izkoristek je 23,1 % in povprečna 
temperatura v cilindru je 249,9 K.
V predstavljenem delu je podan predlog novega MSZ, ki zmanjšuje kinetično energijo zračnega toka. Rezultati 

raziskave bodo uporabni pri projektiranju batnih MSZ in podajajo metodo za optimizacijo energijskega izkoristka. 
V prihodnjih raziskavah bo razvit prototip avtomobila s štiriventilskim MSZ. Izdelan bo regulator hitrosti in 

vozilo bo preizkušeno na cesti.
Ključne besede: štiriventilski motor na stisnjen zrak, energijski izkoristek, izhodna moč, prototip, 
ortogonalni načrt, siva relacijska analiza
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Integracija novega programskega orodja  
za ustvarjanje poti orodja v numerične simulacije procesa 

inkrementalnega preoblikovanja

Daniel Nasulea – Gheorghe Oancea*

Transilvanska univerza v Brasovu, Oddelek za proizvodno strojništvo, Romunija

Znano je, da se v simulacijah inkrementalnega preoblikovanja pločevine za napovedovanje vedenja materiala, 
deformacijskih sil, zmanjšanja debeline in drugih parametrov običajno uporablja modeliranje z metodo končnih 
elementov (FEM). Gibanje preoblikovalnega orodja je težko implementirati v programskih paketih za FEM in je 
povezano z velikim številom točk, ki opisujejo pot orodja. Da bi se skrajšal čas priprave podatkov, je v članku 
predstavljena uporaba novega programskega orodja pri numeričnih simulacijah inkrementalnega preoblikovanja 
pločevine.

Avtorji so novo programsko orodje TMPG (angl. Tool Motion Points Generator) razvili v okolju Delphi, ki 
uporablja programski jezik objektni Pascal. Programsko orodje prevede G-kodo za CNC-obdelavo iz programskega 
sistema CAM v datoteko, ki vsebuje potrebne vhodne podatke za simulacijo ISF v formatu ANSYS. Programsko 
orodje uporabnikom omogoča hitro pretvorbo datoteke z G-kodo v besedilno datoteko, ki vsebuje koordinate točk 
gibanja orodja in časovne koordinate za ANSYS, s čimer je mogoče popisati celotno trajektorijo orodja v procesih 
ISF. Gre za samostojno aplikacijo z grafičnim uporabniškim vmesnikom, ki jo lahko uporablja kdorkoli in ne 
zahteva dodatnih računalniških znanj.

Uporabnost orodja TMPG je bila preizkušena v študiji primera simulacije procesa ISF za različne geometrije 
prisekanega stožca. Novo orodje lahko odigra pomembno vlogo v procesu priprave modela FEM in njegovi 
integraciji v proces ISF. Cilj študije primera je bila simulacija procesa ISF in preverjanje, ali je mogoče kakovostno 
izdelati prisekane stožce v različnih konfiguracijah in obenem napovedati vrednosti nastalih sil. Te so bile 
uporabljene pri odločanju o primernosti CNC-rezkalnega stroja Victor Vcentre-55 za eksperimentalne raziskave 
procesa inkrementalnega preoblikovanja pločevine. Analiziranih je bilo šest različnih delov z različnimi vlečnimi 
koti ϕ (40°, 50° in 60°) in različnimi višinami (35 mm, 45 mm in 50 mm), izdelanih iz 1 mm debele pločevine za 
globoki vlek DC05. Iz rezultatov numerične simulacije je sledila napoved, da bi bilo mogoče vse različice dela 
izdelati brez loma. Napoved je bila v celoti potrjena na CNC-rezkalnem stroju Victor Vcentre-55.

Posebna prednost novega programskega orodja je v tem, da lahko zelo hitro pripravi datoteke ANSYS za 
opis gibanja orodja. Z aplikacijo TMPG se občutno skrajša čas priprave modela FEM in odpade potreba po ročni 
obdelavi oz. po zahtevnih programskih orodjih, ki zahtevajo dodatna znanja in posebne veščine.
Ključne besede: inkrementalno preoblikovanje kovine, FEM, numerična simulacija, pot orodja, programsko 
orodje
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