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Abstract. With the centrifugal pump widely used in the industry, the characteristics of its high efficiency and 

energy saving have gained more attention. It has a certain significance to analyze the efficiency of the pump unit 

in a model of the motor-pump system. In this paper, the efficiency of the centrifugal pump at a variable rotating 

speed is analyzed by using the vector control strategy. Firstly, the rotor-flux-oriented vector control strategy is 

used to control the induction motor. Secondly, a centrifugal pump model was built based on structural 

characteristics in SimHydraulics. Finally, a dynamic simulation of the motor-pump system was completed in 

MATLAB/Simulink under variable speed conditions. The simulation results show that the high-efficiency rate of 

the system is in the range from 2000r/min to 2500r/min. 
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Dinamična simulacija indukcijske centrifugalne črpalke 

pri spremenljivi hitrosti delovanja 

S široko uporabo industrijskih centrifugalnih črpalk se je 

pokazala tudi potreba po njihovem učinkovitem in varčnem 

delovanju. Posebna pozornost je namenjena učinkovitosti 

črpalne enote. V članku analiziramo učinkovitost 

centrifugalne črpalke z uporabo različnega vektorskega 

krmiljenja. Simulacijo delovanja črpalke smo izvedli v okolju 

MATLAB/Simulink pri spremenljivi hitrosti delovanja. 

Rezultati simulacij so pokazali, da je delovanje 

najučinkovitejše med 2000 vrt/min in 2500 vrt/min.  

 

1. INTRODUCTION 

The centrifugal pump has a good hydraulic 

performance, it suits for a small flow and large lift 

occasions, which in the industrial, agricultural and 

commercial are dominant. In practice, the pump is 

driven by the motor as a load. The efficiencies of the 

motor are generally able to reach more than 90%, and 

the pump efficiency can reach only 50%. So the energy 

efficiency in the motor-pump system is particularly 

important [1]. 

In order to improve the overall efficiency of the 

motor-pump system, it is necessary to reduce the power 

losses of the pump unit [2]. The efficiency of the pump 

is determined by its speed, flow and head 

characteristics. The traditional way is to adjust the rate 

of the flow through the valve of the pump to achieve 

the purpose of changing the efficiency and head of the 

pump. However, the control valve increase the liquid 

resistance and friction coefficient in the pipeline, so 

that the valve consumes a part of the energy of the 

system. Currently, the speed con be adjusted to control 

the flow, which to achieve the controlling efficiency. 

The additional losses caused by the throttle valve are 

thus reduced [3]. Generally, the V/F constant pressure 

frequency ratio method is used to adjust the speed. The 

disadvantages of this method are open-loop control and 

poor dynamic response. The vector control assumes 

good stability, fast response and good accuracy to 

match the needs of the pump [4-5]. Therefore, this 

paper adopts the rotor field oriented vector control 

strategy to quickly match the speed of the pump. 

The efficiency of the centrifugal pump under 

variable speed conditions is analyzed by controlling the 

rotor-field-oriented. It is of a great significance to 

further research how to improve the overall efficiency 

of the motor-pump system [6-7]. This paper consists of 

three main parts. A model of the rotor-flux-oriented 

vector control of induction motor is presented in 

Section 1. A model and characteristic analysis of the 

pump are shown in Section 2. Finally, the simulation 

results are analyzed in Section 3. 

 

2. MODELING OF VECTOR CONTROL FOR 

THE INDUCTION MOTOR 

In practical applications, the three-phase induction 

motors often need to control different speeds to meet 

the requirements of different loads. Therefore, it is very 

 
Received 1 November 2016 

Accepted 31 March 2017 



126 XIWEN, YULIANG, GUOLI, CHAO 

important to establish a reasonable speed-control 

model of the induction motor. Particularly, the vector 

control system can meet these requirements without 

changing the performance of the motor, slip-vector 

control, air-gap magnetic-field-oriented vector control 

and rotor-flux-oriented vector control. The rotor-flux-

oriented vector control enables a decoupled control of 

the torque and flux linkage, so that the torque does not 

affect the flux linkage. 

In the motor-pump system, the vector control 

transformes the coordinate. The mathematical model of 

the induction motor in a two-phase stationary 

coordinate is converted into a mathematical model of a 

two-phase rotating coordinate. As the rotor of the 

squirrel-cage induction motor is short-circuited, the 

voltage equations of the induction motor in the rotating 

coordinate are expressed as follows: 

1 1

1 1

0

0

sdsd s s s m m

sqsq s s s m m

m s m r r s r rd

s m m s r r r rq

iu R L p L L p L

iu L R L p L L p

L p L R L p L i

L L p L R L p i

 

 

 

 

      
    

     
      
    

       

      (1)

 

The flux equation is obtained as follows: 
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The electromagnetic torque equation is obtained 

as follow: 

( )r
e L m m sq rd sd rq

m

dJ
T T p L i i i i

p dt


          (3) 

Where: 

• s ... the slip angle speed, 

• 1 ... the synchronous angular velocity, 

• r ... the rotor angular velocity, 

• sdu ... the stator voltage on the d axis, 

• 
squ ... the stator voltage on the q axis, 

• rdu ... the rotor voltage on the d axis, 

• 
rqu ... the rotor voltage on the q axis, 

• sdi ... the stator current on the d axis, 

• 
sqi ... the stator current on the q axis, 

• rdi ... the rotor current on the d axis, 

• 
rqi ...the rotor current on the q axis, 

• sd ... the stator-flux-linkage on the d axis, 

• 
sq ... the stator-flux-linkage on the q axis, 

• rd ... the rotor-flux-linkage on the d axis, 

• 
rq ... the rotor-flux-linkage on the q axis, 

• mp ... the number of the motor poles, 

• p ...the differential operator, 

• J ... the moment of inertia. 

In the field-oriented vector-control system, the

d q coordinate system is generally placed in the 

induction rotating magnetic field. The AC quantity of 

the stationary coordinate system is converted into the 

DC quantity in the rotating coordinate system. The d 

axis is set to coincide with the rotor-flux linkage 

direction rd r  . The q axis is perpendicular to the 

direction of the rotor flux, and the component of rotor 

flux 
rq is zero. The rotor flux is generated by the d 

axis of the winding current. The voltage equations are: 

 

r rd m rd r rdL i L i             (4)
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According to formulas (1), (2), (3) and (4): 
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Where: 

• 
r

r

r

L
T

R
 ... the rotor time constant. 

It is well known that the flux and torque of the 

motor can be completely decoupled by the formulas (6) 

and (7). The electromagnetic torque is determined by 

the component on the q axis of the stator current and 

the rotor flux is determined by the component of the 

stator current on the d axis. 

As rotor flux r is controlled by the stator current

sdi , the torque eT is controlled by r and
sqi . So the 

following equation can be obtained : 
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Where: 

• 
*

r ... expected value of the rotor flux, 

• 
*

eT ... expected value of the torque, 

• 
*

sdi ... excitation current of the stator, 

• 
*

sqi ... torque current of the stator. 

The process of the field-oriented vector-control 

strategy is shown in Fig. 1, where r  is derived from 

the motor model. The speed controller ASR uses the PI 

control. 

The calculated value of flux linkage 
*

r  is 

0.7Wb. The value is compared with the flux of the 

motor rotor, and the error regard as the input of the flux 

controller APR. According to the relation between the 

flux and excitation current, the excitation component of 

the stator current is 
*

sdi . The flux and speed controller 
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are used to employ the PI controller to control the 

output. Taking into account the PI controller the 

saturation limits the output of the controller. The 

limiter limits of an external and internal limiter. The 

external limiter is set by the rated torque and the 

overload factor of the motor to control the output of the 

PI controller. The internal limiter maintains the output 

value at not less than the maximum value of the motor 

at a steady-state to control the output of the integrator. 

The parameters of the PI controller are calculated using 

the engineering experience method shown in Table 1. 

Table 1: Parameters of the PI controller 

Controller 
pK  Internal-limiter iK  External-limiter 

ASR 10 -80~80 5 -80~80 

APR 1.8 -15~15 100 -13~13 

 

According to the motor model, the rotor-flux linkage 

vector position angle signal is 1dt   .The three-

phase alternating current of the driving motor is 

obtained by the inverse transformation of the 

coordinate system and the inverter. Finally, the rotor-

flux signal and the speed-signal output of the motor 

output are sent to the system as a feedback to produce 

the expected value of the torque and speed under a 

steady state. Simulation of the rotor-flux-oriented 

vector-control strategy system is shown in Fig. 2. 

3. CENTRIFUGAL PUMP SYSTEM MODEL 

The main parameters of the centrifugal pump include 

that the pump flow rate (Q), head (H), efficiency (η) 

and speed (n). They are used as a criterion to measure 

the pump system and the main parameters for the 

dynamic model analysis. The analysis of the external 

characteristics of the centrifugal pump consists of two 

parts: the rated-speed analysis and the variable-speed 

analysis. 

At the rated speed, the characteristics of the pump 

are determinated by the relationship between the flow 

and the head. Therefore, they are obtained according to 

formula (10) by analyzing and the data fitting. Formula 

(11) is used to further research its dynamic 

performance. 

0 0( )H f Q                            (10)
 

2

0 0 0 0( )H f Q a bQ cQ              (11) 

Where: 

• 0H ... the rated head, 

• 0Q ... the rated flow, 

• a ... a constant of more than zero, 

• b ... a constant, 

• c ... a constant of less than zero. 
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Figure 1. Rotor-flux-oriented vector-control motor model 

 

Figure 2. Simulation model of the vector-control system of the induction motor 
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At a variable speed, the pump characteristics change. 

According to the similarity theory (affinity laws) of the 

pump, the characteristic equation of the pump at any 

speed is[8]. 
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Formulas (12) and (13) can be obtained as 

follows: 
2

20

0
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nn Q
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Where: 

• P ... the shaft power of the pump, 

• 
0P ... the rated power of the pump, 

• 0n ... the rated speed of the pump, 

• k ... the ratio of the actual and rated speed. 

Formula (15) is the characteristic equation of the 

pump at any speed. At the rated speed, the 

characteristic curve of the pump is drawn using the 

original data as shown with curve 1 in Fig. 3. Curve 2 

is the characteristic curve at any speed. 

 

 
Figure. 3. Pump characteristics and pipeline characteristic 

curve 

 

The pipeline characteristic of the pump is very 

important for the dynamic model of the centrifugal 

pump system, because it determines the operating point 

of the pump. According to the hydraulic law [9], that 

can get the pump pipeline characteristic equation is 

[10]: 
2

stH H SQ                          (16) 

2 48( ) ( )
l

S d g
d

 
λ

ξ              (17) 

Where: 

• 
stH ... the static head of the centrifugal pump, 

• S ... the resistance coefficient of the pipeline, 

•  ... the along resistance coefficient, 

•  ... the local resistance coefficient, 

• l ... the length of the pipeline, 

• d ... the diameter of the pipeline, 

• g ... the gravity acceleration. 

According to the pipeline characteristic formula 

(16), curve 3 can be drawn as shown in Fig. 3. The 

operating point of the pump is determined by the 

characteristic of the pump and the characteristic of the 

pipeline. Curve 3 is intersected with curve 1 and curve 

2 at the A and B points respectively in Fig. 3, which 

are the operating points of the pump at different speeds 

[11]. However, the position of the operating point is 

directly related to the efficiency of the pump. The 

efficiency expression is: 

gHQ

P


                          (18) 

2

60
L

n
P T


                        (19) 

Where: 

•  ... the water density, 

• LT ... the torque load. 

According to formula (18), the Q   curve can 

be fitted as shown in Fig. 4, to get the best efficiency 

point M. 

 

 Figure 4. Efficiency curve of the pump 
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Figure 5. Simulation model of the centrifugal-pump system 

 

Figure 6. Simulation model of the motor-pump system 

 

When the operating point of the pump is maintained 

close to the M point, the efficiency of the pump is 

maximally utilized. It is well known that there are two 

ways to change the operating point of the pump in Fig. 

3. One is to change Curve 3 by adjusting the valve, 

which decreases the efficiency of the centrifugal pump. 

The other is to change the position of Curve 2 by 

adjusting the speed. In the motor-pump system, the 

latter is used to adjust the speed of the motor by using 

the vector-control strategy, thus making the pump to 

operate at a high-efficiency rate. The model simulation 

of the centrifugal pump is shown in Fig. 5. 

 

4. SIMULATION RESULTS AND ANALYSIS 

To analyze the centrifugal pump and three-phase 

induction motor, the CDL2-8 and YB2-80M2-2 types, 

respectively, are selected [12]. The rated speed and 

power of the motor are 2830r/min and 1.1KW, 

respectively. The rated speed of the pump is 2830r/min. 

The specific parameters are shown in Tables 2 and 3. 

The simulation model of the whole motor-pump system 

is shown in Fig. 6. 

 

 

Table 2: Parameters of the three-phase induction motor 

Parameter /U f  
mn  

mP  /r sR R  /lr lsL L  
mL  

Rated 
value 

380V/ 
50HZ 

2830 
r/min 

1.1 
KW 

5.313Ω/ 
6.959Ω 

0.029H/ 
0.029H 

0.67 
86H 

Table 3: Parameters of the centrifugal pump 

Parameter Nn  NP  H  Q  

Rated value 2830r/min 1.1KW 67.5m 2.0m3/h 

 

The simulation results show that the motor reaches 

the rated speed of 2830r/min under the rated voltage and 

load conditions. The rapid response of the system 

reaches the steady-state at about t=0.02s (in Fig. 7). 

When the speed of the motor increases from 0 to 2830 

r/min, the electromagnetic and load torque get stable at 

3.6N.m and 3N.m, respectively, (Fig. 8). The output 

speed and torque of the induction motor match the set 

target of the pump by using the rotor-flux-oriented 

vector control in Figs. 7 and 8, which provides the basis 

for the high-efficiency operation of the centrifugal 

pump. 
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 Figure 7. Output speed of the motor 

 

The centrifugal pump and the motor are directly 

connected through the rotating shaft. The output speed 

and the output power of the rotating shaft are the input 

speed and shaft power of the centrifugal pump, 

respectively, and the torque is used to drive the 

centrifugal pump load. When the pump input speed is 

increased from 0 to 2830r/min, the curve of the flow 

and the head increase, respectively, as shown in Fig. 9. 

The output flow rate is zero at t=0-0.01s, as determined 

by the pipeline characteristic of the pump. The pump 

head is more than the static head; it is 15m at t=0.01s. 

The flow begins to output at the pump outlet. The head 

quickly reaches the maximum value of 83.50m at 

t=0.04s. Subsequently, the flow gradually increases to 

3.55m3/h, and the head decreases until reaching stability 

of 32m. 

 

 Figure 8. Electromagnetic torque and load torque 

 

Figure 9. Pump output flow and head at the rated-speed 

 

For the efficiency of the centrifugal pump to be mainly 

related to the head, flow and shaft power, formula (18) 

should simply be used. The expressions for the head and 

shaft power are obtained with the flow based on the 

similarity law. The efficiency and the flow implement 

the following quadratic fit: 
28.576* 38.972* 6.5588n q q    . Derivation of the 

above expression 0
dn

dq
  yields 2.27q  with the 

second derivative 
2

2
0

d n

dq
 , the efficiency reaches the 

maximum value of 50.83% of the flow rate of 2.27m3/h. 

According to formula (18), could be obtained the 

efficiency curve is attained based on the head and the 

flow output waveform as shown in Fig. 10. At the time 

t=0.7s, the efficiency reaches the maximum value of 

50.80%. The corresponding flow of the pump is about 

2.4m3/h, and the head is close to 55m. The simulation 

results are very close to the theoretical results, thus 

indicating the validity and stability of the system model. 

In engineering, the high-efficiency rate of the pump 

operation is the maximum efficiency of the pump 

decrease in the range from 5% to 8% [13]. According to 

the calculated of 8%, the high-efficiency rate of the 

pump is in the range from 46.7% to 50.80%. 

The controlled speed of the motor can control the 

rate of the pump output flow, while the flow rate is 

directly related to the efficiency of the centrifugal 

pump. The rotor-field-oriented vector-control strategy is 

adopted to control the output speed of the motor in order 

to analyze the efficiency of the centrifugal pump. At the 

motor output speed in the range from 2830r/min to 

2700r/min, every band declines to 100r/min until 

1800r/min and finally rises to 2830r/min (Fig. 12). 

There is a total of twelve bands. As shown in Fig. 9, for 

the flow and head to reach a steady-state, it takes about 

5s at the rated speed, so the sampling time of each speed 

band is 5s. 
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 Figure 10. Efficiency of the centrifugal pump 

 

Figure 11. Head and flow output of the pump at a variable 

speed 

 

According to the characteristics of the pump, the flow 

and head output change at a variable speed. The flow 

and head output of the centrifugal pump are shown in 

Fig. 11. The response and steady-state can be fast at the 

speed jump time. The efficiency curve of the centrifugal 

pump is obtained as shown in Fig. 12. At the beginning, 

the speed decrease corresponds to the increase in the 

pump efficiency. When the speed reaches 2200r/min, 

the pump efficiency is at its maximum value of 50.80%. 

Thereafter, the efficiency of the pump gradually 

decreases with the speed decrease. At the pump high-

efficiency rate in the range from 46.74% to 50.80%, the 

corresponding centrifugal pump operates in the range 

from 2000r/min to 2500r/min. As shown in Figs. 11 and 

12, when the efficiency of the centrifugal pump reaches 

the maximum value of 50.80%, the corresponding flow 

rate is 2.3m3/h, which is very close to the theoretical 

value of 2.27m3/h. 

 
Figure 12. Output efficiency at a variable speed 

 

5. CONCLUSION 

In this paper, a rotor-flux vector-control strategy is used 

to analyze the dynamic property of the induction-motor 

centrifugal-pump system under variable rotation-speed 

conditions. The simulation results show the accuracy 

and stability of the rotor-field-oriented vector-control 

strategy. The efficiency of the centrifugal pump is 

analyzed, and the speed of the centrifugal pump 

operation at a high-efficiency rate is in the range from 

2000r/min to 2500r/min. The attained results provide 

the reference values for further research towards to 

improvement of the efficiency of the motor-pump 

system. 
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