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 In this paper, efficiency maximization of induction motor variable frequency 

speed regulation system based on torque per power (TPP) index is proposed. 

The detail of the mathematical model of the induction motor considering the 

iron loss and the rotor field orientation, the relationship between the motor 
torque loss power ratio and the motor speed and slip frequency presented. 

The functional relationship between the torque loss power ratio and the 

motor speed and slip is derived, and the derivative is obtained to find the 

optimal slip frequency corresponding to the maximum value. The simulation 
model and experimental platform of the control system were built in 

Matlab/Simulink to verify the effectiveness of the method. The result 

approved the torque loss power ratio takes the maximum value, the high 

energy efficiency operation with the minimum power loss of the motor 
control system is realized. 
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1. INTRODUCTION  

In industrial production, induction motors often use constant voltage-frequency ratio and variable 

frequency speed regulation methods, which can achieve smooth speed regulation of induction motors in a 

larger range [1], [2]. The constant voltage-frequency ratio control method has the characteristics of simple 

software and hardware implementation and high-cost performance, and is widely used to drive loads that do 

not require high dynamic performance [3], [4]. Induction motors are more efficient when running near the 

rated operating point (rated load and rated speed), but in most actual production, the motor runs at a non-

rated operating point. The induction motor variable frequency speed regulation systems do not achieve 

optimal operation of energy efficiency and a lot of electrical energy lost and the operating efficiency of the 

motor will significantly decrease. Ha et al. [5] introduce energy efficiency optimization methods in the 

variable frequency speed regulation system, which can reduce the power loss during the operation of the 

motor and improve the operating efficiency of the motor.  

Many research focus on energy efficiency optimization methods and different the relationship of the 

operating efficiency of the motor with the slip frequency and the iron loss [6]–[9]. When considering the iron 

loss, a resistor is connected in parallel in the equivalent circuit of the induction motor to represent the iron 

loss, and then the energy efficiency optimization method of the induction motor is analyzed, which is called 

the loss model controller (LMC) [10], [11]. The energy efficiency optimization effect of this kind of method 

is very dependent on the accuracy of the motor parameters, and is usually optimized for efficiency when the 

motor is running below the fundamental frequency. In order to improve the efficiency of the motor running 
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above the fundamental frequency, a control strategy of maximum torque per Ampere (MTPA) is proposed 

based on the theory of minimum current, which can realize the energy efficiency optimization of the 

minimum stator current when the motor is under field weakening effect control [12]–[17].  

This paper focused on efficiency optimization method of induction motor variable frequency speed 

regulation system based on torque per power (TPP). The the mathematical model the index derivation between 

torque and loss power ratios based on of LMC's induction motor. The simulation result of motor speed and slip 

frequency is analyzed using both proposed index and in induction motor V/f variable frequency speed 

regulation system. The results of simulation and experiment show that this method can effectively improve the 

energy-saving effect of the motor operation while maintaining the control performance of the V/f variable 

frequency speed regulation system, and ensure the energy-efficient operation of the motor. 

 

 

2. RELATED WORK 

2.1.  Induction motor V/f control 

In the LMC method, the iron loss is usually represented by an equivalent resistance connected in 

parallel to the mutual inductance branch as shown in Figure 1. The motor will produce iron loss in actual 

operation. The existence of iron loss will affect various performances of the motor control system, especially 

the operating efficiency of the motor [18]. The torque and power loss of the induction motor can be 

represented by the motor parameters, speed, slip and current including the equivalent resistance [19]–[22]. 

Refer to the control idea of MTPA, obtain the expression of torque and power loss ratio and simplify it. Take 

the derivative of the slip to get the maximum value of the torque loss power ratio. The maximum torque loss 

power ratio is related to the speed and slip, combined with the induction motor's V/f variable frequency speed 

regulation system, to realize the energy efficiency optimization of the induction motor. 

The error between the actual slip frequency ω and the optimal slip frequency passes through the 

compensation voltage regulator, and its output is the voltage compensation value, which is used to 

compensate the stator voltage amplitude. The general pulse width modulation (PWM) pulse modulation 

method is used to control the switching state of the inverter, control the voltage of the input motor, and then 

control the operation of the motor, so that the motor runs in the state of optimal energy efficiency [21]. 

 

 

 
 

Figure 1. Block diagram of proposed optimization control principle of constant V/f ratio 

 

 

2.2.  Equivalent circuit of induction motor 

An induction motor's equivalent circuit is similar to a transformer's equivalent circuit since the 

power transfer from side to other. The equivalent circuit parameters can be used to find efficiency, torque and 

losses. Moreover, the equivalent circuit of the induction motor established considering the stator iron loss, and 

after transforming the coordinate, the equivalent circuit in the 𝑑𝑞 coordinate system is shown in Figure 2 [23]. 

 

 

  
 

Figure 2. Equivalent circuit of induction motor (𝑑𝑞 axis) [24] 
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The mathematical model of induction motor can be obtained based on Figure 2 and the voltage 

equation will be as (1) [24], [25]: 

 

[
𝑢𝑠𝑑

𝑢𝑠𝑞
] = [

𝑅𝑠 0
0 𝑅𝑠

𝑝 −𝜔𝑠

𝜔1 𝑝 ]

[
 
 
 
𝑖𝑠𝑑
𝑖𝑠𝑞
𝜓𝑠𝑑

𝜓𝑠𝑞]
 
 
 
  (1) 

 

flux, as shown in (2): 

 

[
𝜓𝑠𝑑

𝜓𝑠𝑞
] = [

𝐿𝑙𝑠 0
0 𝐿𝑙𝑠

𝐿𝑚 0
0 𝐿𝑚

] [

𝑖𝑠𝑑
𝑖𝑠𝑞

𝑖𝐿𝑚𝑑

𝑖𝐿𝑚𝑞

]  (2) 

 

current, as shown in (3): 

 

{
𝑖𝐿𝑚𝑑 + 𝑖𝑅𝑚𝑑 = 𝑖𝑠𝑑 + 𝑖𝑠𝑑
𝑖𝐿𝑚𝑞 + 𝑖𝑅𝑚𝑞 = 𝑖𝑠𝑞 + 𝑖𝑟𝑞

  (3) 

 

electromagnetic torque (4): 

 

𝑇𝑒 = 𝑛𝑝
𝐿𝑚

𝐿𝑟
𝜓𝑟𝑑(𝑖𝑠𝑞 − 𝑖𝑅𝑚𝑞) − 𝜓𝑟𝑞(𝑖𝑠𝑑 − 𝑖𝑅𝑚𝑑) (4) 

 

motor input power (5): 

 

𝑃𝑖𝑛𝑝𝑢𝑡 = 𝑢𝑠𝑑𝑖𝑠𝑑 + 𝑢𝑠𝑞𝑖𝑠𝑞  (5) 

 

where, 𝑢𝑠𝑑 and 𝑢𝑠𝑞 are the 𝑑𝑞 − axis stator voltage;  𝜔𝑠 is the angular frequency of the synchronous speed; 

𝑖𝑠𝑑, 𝑖𝑠𝑞, 𝑖𝑟𝑑 and 𝑖𝑟𝑞 are the stator and rotor currents of the 𝑑𝑞 axis respectively; 𝑅𝑠, 𝑅𝑟 and 𝑅𝑚 are the stator 

and rotor resistance and the equivalent resistance of iron loss respectively; 𝐿𝑠, 𝐿𝑟 and 𝐿𝑚 are the stator and 

rotor self-inductance and mutual inductance; 𝐿𝑙𝑠 and 𝐿𝑙𝑟 are the stator and rotor leakage inductances 

respectively; 𝑖𝑅𝑚𝑑 and 𝑖𝑅𝑚𝑞 are the iron loss equivalent currents of the 𝑑𝑞 axis respectively; 𝑖𝐿𝑚𝑑, 𝑖𝐿𝑚𝑞 is the 

𝑑𝑞-axis excitation current; 𝜓𝑠𝑑, 𝜓𝑠𝑞, 𝜓𝑟𝑑 and 𝜓𝑟𝑞 are the 𝑑𝑞-axis stator and rotor flux linkages𝜔𝑟 is the 

angular frequency of the rotor speed; 𝜔 = 𝜔𝑠 − 𝜔𝑟 is the slip angular frequency, 

 

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑇𝑒𝜔𝑟/𝑛𝑝 (6) 

 

where, 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 is the motor output power; 𝑇𝑒 is output torque.  

 

 

3. PROPOSED METHODS 

When the induction motor adopts the constant voltage-frequency ratio control method, the torque is 

proportional to the slip. The motor control system adopts the closed-loop speed control to ensure the system 

has no static difference. When the motor is running in a steady state, the torque and speed are the same. If the 

power loss of the control system can be reduced by adjusting the slip, then the energy-efficient operation of 

the induction motor can be realized and the energy-saving effect of the control system can be improved. 

Starting from the mathematical model of the induction motor considering the iron loss, the torque loss power 

ratio is taken as the objective function of energy efficiency optimization, and the relationship between the 

torque loss power ratio and the motor speed and slip is analyzed. 

The motor stator and rotor leakage inductance are small and in order to simplify the calculation, so 

can be neglected, 𝐿𝑙𝑠 = 𝐿𝑙𝑟 = 0. At the sometimes the rotor magnetic field orientation: 

 

{
𝜓𝑟𝑑 = 𝜓𝑟

𝜓𝑟𝑞 = 0  (7) 

 

by substituting (7) into (3), can get: 
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{
𝑖𝑟𝑑 = 0
𝑖𝑟𝑞 = 0 (8) 

 

when the motor is running in a steady state, (1) can get: 

 

{
𝑅𝑚𝑖𝑅𝑚𝑑 = −𝜔1𝐿𝑚𝑖𝐿𝑚𝑞 = 0

𝑅𝑚𝑖𝑅𝑚𝑞 = −𝜔1𝐿𝑚𝑖𝐿𝑚𝑑
 (9) 

 

by comprehensive (7) and (8) are: 

 

{
𝑖𝑟𝑞 = −

𝜔𝑠𝑙𝜓𝑟𝑑

𝑅𝑟

𝑖𝐿𝑚𝑑 =
𝜓𝑟𝑑

𝐿𝑚

 (10) 

 

by Substituting can get: 
 

𝑢𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑  (11) 
 

𝑢𝑠𝑞 = [𝑅𝑠(𝐴 + 1)𝜔 +
𝜔𝑟

𝐴𝑅𝑚
] 𝐿𝑚𝑖𝑠𝑑  (12) 

 

𝑖𝑠𝑞 = [𝐴𝜔 +
𝜔𝑟

𝑅𝑚
] 𝐿𝑚𝑖𝑠𝑑  (13) 

 

where 𝐴 is equal to (
𝑅𝑚+𝑅𝑠

𝑅𝑚𝑅𝑠
). 

In the steady state of the induction motor, the output power of the motor can be written as: 
 

𝑃𝑖𝑛𝑝𝑢𝑡 = 𝑅𝑠𝑖𝑠𝑑
2 + 𝑢𝑠𝑞𝑖𝑠𝑞  (14) 

 

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑇𝑒𝜔𝑟/𝑛𝑝 (15) 

 

then the motor torque the is: 

 

𝑇𝑒 =
𝜔𝑛𝑝𝐿𝑚

2

𝑅𝑟
𝑖𝑠𝑑
2   (16) 

 

so, there is: 

 
𝑇𝑒

𝑃𝐿𝑜𝑠𝑠
=

𝐵𝜔𝑠𝑙

𝑅𝑠+𝐵𝜔2 +𝐶𝜔𝜔𝑟+𝐷𝜔𝑟
2  (17) 

 

where，𝐵 = (𝑛𝑝𝐿𝑚
2 )/𝑅𝑟; 𝐶 = 𝐴𝑅𝑠𝐿𝑚

2 (𝐴 + 1); 𝐷 =
2𝐴𝐿𝑚

2 𝑅𝑠

𝑅𝑚
+

2𝐿𝑚
2

𝑅𝑚
 ; 𝐸 =

𝐿𝑚
2

𝐴𝑅𝑚
2 . By derivation from (17) when 

the motor runs stably a function of the motor speed and the slip angle frequency. The power loss is the 

smallest and the torque loss to power ratio is the largest which approximately equal to zero. 

 
𝜕

𝜕𝜔
(

𝑇𝑒

𝑃𝑙𝑜𝑠𝑠
) = 0  (18) 

 

Then, it can be seen that there is an optimal slip angle frequency, so that under the torque load.  
 

𝜔∗ = √𝑅𝑠+𝐸𝜔𝑟
2

𝐶
= √

𝑅𝑠
𝐿𝑚
2 +

𝜔𝑟
2

𝐴𝑅𝑚
2

𝑅𝑠𝐴
2+𝐴

  (19) 

 

Where 𝜔∗represent the optimal slip value which related to the parameters and speed of the induction motor, and 

is not affected by the motor load, which can achieve the maximum motor efficiency at the full speed range. 

In this study the induction motor maximum efficiency model using the constant V/f ratio control 

system with some assumptions is needed to simplify the mode as:  

a. Ignoring the spatial harmonics.  
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b. Ignoring the excitation saturation by considering the self-inductance and mutual inductance of each 

winding are both are constant. 

c. Considering the influence of stator excitation magnet loss, connect an equivalent resistance 𝑅𝑚 of iron 

loss in parallel in the excitation circuit, and also ignore the influence of temperature, magnetic 

saturation and other factors on iron loss, which is represented by a constant value. 

 

 

4. RESULT AND DISCUSSION 

4.1.  Simulation result 

In order to verify the proposed TPP on the induction motor the energy efficiency optimization 

compared to constant V/f ratio control system. The induction motor parameters in the simulation model are 

shown in Table 1, as shown in Figure 3. Where: 𝐾𝑃1 = 1, 𝐾𝐼1 = 0.0013; 𝐾𝑃2 = 13, 𝐾𝐼2 = 0.51. Figure 4 

shows the optimal slip frequency calculation module according to (19). 

 

 

 
 

Figure 3. Induction motor simulation model 

 

 

 
 

Figure 4. The simulation model of the speed controller and the compensation voltage regulator 

 

 

Table 1. Motor parameters 
Parameter value Parameter value 

Power 10 kW Stator resistance 0.5247 Ω 

Supply voltage 380 V Stator inductance 0.005 H 

Pair Pole p 2 Rotor resistance 0.3018 Ω 

Moment of inertia 0.24 J/kg·m² Rotor inductance 0.0051 H 

Mutual resistance 49 Ω Mutual inductance 0.093 H 
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The motor is set to start at no load, and the initial speed is set at 150 rad/s; when the motor reaches steady 

state operation, the TPP-based energy efficiency optimization control module is started at 2 s; the load torque is 

100 N.m at 3 s; at 5 s the motor speed suddenly changes to 100 rad/s. From Figure 5(a), it can be seen that the 

motor reaches a stable operating state at about 1.25 s. In the steady state, the motor speed is a given speed of 140 

rad/s, and the speed basically has no overshoot and no oscillation. The system adds energy efficiency optimization 

control in 2 s, and the speed of the motor quickly returns to the original stable state after slight oscillation, and the 

speed remains unchanged; the torque setting changes at 3 s, and the slip becomes larger due to the use of V/f 

control. As a result, the speed drops to 133 rad/s; at 5 s, the motor speed reference is reduced from 150 rad/s to 100 

rad/s, and the output speed also changes immediately, but due to the slip caused by the load torque, the actual 

speed is 95 rad /s. In Figure 5(b), since the motor is starting at no load, the current in the starting phase is relatively 

large, resulting in a relatively large starting torque of the motor. When the speed of the motor reaches a given time 

at 1.25 s, the output torque of the motor is 0 N• m; When the TPP control is started at 2s, the motor torque has 

some pulsation, but it does not affect; the motor torque setting is changed to 100 N.m at 3 s, and the output torque 

responds immediately. When the speed changes, the output torque of the motor is affected, and there is oscillation, 

but it quickly returns to stability. Figure 5(c) is the comparison of TPP and V/f power loss during the motor starting 

and speed regulation process, due to system oscillation, the power loss changes greatly. When the motor is running 

in a steady state, the power loss curve is stable.  

 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 5. Simulation experiment results, (a) simulation results of motor speed, (b) motor torque simulation 

results, and (c) power loss simulation results 
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From Figure 5 it can be seen that when the motor load is 100 N.m and 150 rad/s, the power loss of 

the motor is reduced from 3 kW to 2.3 kW, which is a reduction of 0.7 kW; when the speed of the motor 

drops to 100 rad/s, the power loss of the motor from 2.9 kW to 1.8 kW, a reduction of 1.1 kW. It can be seen 

that the TPP control strategy proposed in this paper has a significant effect on energy efficiency optimization 

in the induction motor V/f control system. 

 

4.2.  Experimental result  

The experimental results of the induction motor based on the TPP energy efficiency optimization 

method is shown in Figure 6. In Figure 6, the represents the variation of the power loss of the ordinary V/f 

system with torque and speed, and the dotted line represents the power loss of the V/f control system 

optimized by TPP energy efficiency.  

 

 

 
 

Figure 6. Experimental results of power loss under motor speed 

 

 

It can be seen from the results of the experiment that as the load of the motor increases, the power 

loss of the motor also increases, which is caused by the change of the stator current with the torque; and 

under the same load torque, the higher the speed, The loss of the motor also becomes higher. By analyzing 

the power loss comparison chart, it can be found that then the load and torque are the same, compared with 

the traditional V/f control system. The power has been significantly reduced, achieving the goal of the 

maximum torque loss power ratio, and realizing the optimization of the energy efficiency of the induction 

motor. 

 

 

5. CONCLUSION 

This paper introduces the energy efficiency optimization methods of MTPA induction motors, takes 

the induction motor equivalent circuit considering iron loss as the basis of analysis, and imitates the 

maximum efficiency optimization idea of MTPA. Under a certain load torque, the minimization of power 

loss is the maximum efficiency optimization.  

The goal of the method is to propose an energy efficiency optimization method for TPP's induction 

motor variable frequency speed regulation system. The advantage of this method is that the analysis process 

of the motor energy efficiency optimization method is simple, which is convenient for the realization of the 

software and hardware of the control system. However, because the iron loss of the motor is ignored, the 

energy efficiency optimization effect in practical applications is not ideal. The simulation and experimental 

result approve the effectiveness of the TPP efficiency optimization method for improving the efficiency 

maximizing and energy saving. 
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