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Abstract— Economic approach and optimization in rail 

transportation systems led to the introduction of the mono 

inverter dual parallel motor (MIDP) system. Most 

researchers introduce the model predictive control (MPC) 

method to drive this system in order to overcome the 

problem of load torque inequality on the wheels. But the 

obtained control signals do not result in the proper 

operation of the MIDP system, because the cost function is 

solved online or evaluated by the limited number of control 

signals. The present paper introduces an energy-based 

predictive speed control instead of the conventional 

proportional-integral controller in the outer loop and uses 

Pontryagin’s maximum principle to regulate electrical 

currents in the inner loop. Since this method solved the 

quadratic-linear cost functions offline, the control signals of 

the MIDP system are obtained as linear-parametric 

functions. After modeling and simplifying the mathematical 

equations, the introduced method is simulated and 

compared with conventional Finite and Infinite Control 

Set-MPC methods. The results indicate the agility and high 

accuracy of the controllers in both transient and steady 

states. 

 
Keywords: Mono Inverter Dual Parallel (MIDP), Model 

Predictive Control (MPC), Permanent Magnet Synchronous 
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I.INTRODUCTION 

HE electric trains in the transportation systems have 

always been of interest. The high inertia and the slow 

speed changes as well as the reduction of cost and the 

volume of electromotive force have become incentives to 

feed and control two or more motors by a single inverter. 

Subsequently, the Mono Inverter Dual Parallel (MIDP) 

systems were introduced to be applied in high inertia 

devices. The year 1977, namely [1], can be marked as the 

beginning of research in this field. Based on studies done 

so far, motor drives in the MIDP systems can be 

categorized into two groups, including weighting-based 

control and model-based control. There are two 

approaches in the weighting-based control. The first is 

the averaged vector control of motors, which includes the 

current and voltage space vector averaging technique [2, 

3], the averaging of equivalent circuit parameters in the 

steady state (used only in induction motors) [4], the mean 

and differential torque control [5-7], and the weighted 

averaging of control parameters [8]. There are problems 

with this approach such as the existence of severe and 

long fluctuations in the current waveforms, dependence 

of the calculated commands on the motor type and weak 

stability of the slave motor. Master-Slave (MS) is the 

second approach, in which the motor is controlled 
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through the maximum mechanical load at each moment. 

Since control signals are only generated by the Master 

motor, eliminating fluctuations and maintaining stable 

performance of motors are the main concerns [9, 10]. 

Although the proportional gain set of the system is not 

simple, the Active Damping Control is used to fix the 

mentioned problems [11-13]. Despite the simplicity of 

weighting-based control method, the loop in the slave 

motor is open, and the optimal operating point depends 

on the steady state model [14]. The method of reduced 

linearized feedback has been used on independent torque 

control in the MIDP system [15]. Although the designed 

controller could hardly control the system at a single 

point, it could control the MIDP system under severe 

unequal load torques. 

With the advent of powerful microcontrollers, the Model 

Predictive Control (MPC) method was used in electrical 

motor drives. Typically, this method was developed in 

two ways: Predictive Current Control (PCC) and 

Predictive Torque Control (PTC), which are applied to 

Permanent Magnet Synchronous Motor (PMSM) control 

[16-18], induction motor control [19, 20], and MIDP 

system control [21, 22]. There are two general 

approaches in control of MIDP system. The first 

approach, called the Finite Control Set-Model Predictive 

Control (FCS-MPC), was applied on two PMSMs and 

two induction motors in [23, 24] and [25, 26], 

respectively. This method uses just six well-known 

voltage vectors in SVPWM (Space Vector Pulse Wide 

Modulation) to minimize the cost function. These vectors 

have the same amplitude with an angle difference of 60 

degrees relative to each other. Certainly, the lowest value 

of the cost function is not obtained by six voltage vectors, 

and it is necessary to consider all of the voltage space 

vectors. Hence, the Seek and Split-PTC method used a 

large number of voltage space vectors [27]. In FCS-MPC 

method, generally, the obtained voltage vectors do not 

lead to the absolute minimum value of the cost function, 

and the system constraints do not affect determining the 

control signal.  

The second approach, with a better performance than 

FCS-MPC, is the Continues Control Set-Model 

Predictive Control (CCS-MPC) method [28]. Using one 

of the optimal control methods, it solves the cost function 

through considering some limitations and system initial 

conditions. Therefore, it generates the control signals 

according to the model parameters, the initial condition 

of the control variables and the state feedback values. 

Perhaps the pioneer of CCS-MPC  is the Optimal Torque 

Predictive Control method [29, 30]. Among problems of 

this research, severe fluctuations in the transient state and 

tendency of the cost function to a non-zero value can be 

mentioned. In [31], system constraints were used to 

determine control signals. However, the control loop of 

optimal angle displacement not only prolonged the 

fluctuations of the control variables, but also increased 

the sensitivity of the method to the motor parameters. 

Therefore, further studies are needed to introduce a 

method to obtain optimal control signals for MIDP 

systems. 

This paper presents an analytical comprehensive 

algorithm for designing current controller of all electrical 

motors in any structure. Also, an effective speed 

controller is introduced based on the nominal power and 

kinetic energy of the motors. The produced control 

signals in both controllers are linear-parametric functions 

of the state variables. Thus, the proposed drive technique 

saves computation time and processing memory, 

significantly. It considers the transient and steady state of 

the system and involves the system constraints in the 

process of generating control signals. The designed speed 

and current controllers, which are based on the Lagrange 

method and the Pontryagin’s Maximum Principle 

respectively, are used to develop a cascade structure. Also, 

the necessary and sufficient condition are considered for 

controllability of the system at any given time.  

This article is organized as follows: In the first part, the 

model of two PMSM motors will be obtained in a rotor 

reference frame. In order to measure the validity of the 

design method of the introduced controllers and their 

capability in transient conditions, two low-inertial 

permanent magnet synchronous motors are considered. 

In the second part, the producing control signals are 

presented and the necessary and sufficient condition for 

generating the control signals is examined. Then, in the 

MIDP system, the simulation results of the proposed 

method along with their analysis are presented and 

compared with the two methods of FCS-MPC and 

Infinite Control Set-Model Predictive Control (ICS-

MPC). Finally, conclusion is presented. 

 

II.MIDP SYSTEM DRIVE STRUCTURE 

Fig. 1 shows the cascade structure of the MIDP system 

drive with PMSM motors. Instead of using the 

conventional proportional-integral controller in the outer 

loop, 𝐼𝑞𝑠
  control signals are generated by the MPC 

method using the reference speed, the speed measured 

values and estimated torque of both motors. In the inner 

loop, the MPC method is employed to generate 𝑉̂𝑑𝑞
  

(voltage control signals) by measuring 𝐼𝑑𝑞𝑠 currents and 

motor speeds, and the space vector modulation method is 

used to produce inverter switching commands. In this 

configuration, the 𝐼𝑑𝑠 current commands in each motor is 

considered equal to zero, which maximizes the torque per 

ampere ratio under equal load torques. 
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A. Modelling of two PMSM motors in MIDP system 

The PMSM motors have advantages such as high 

torque density, high efficiency, and low volume. They 

are preferred in the rail transportation system over other 

electric motors [32]. Therefore, two identical surface 

mounted PMSM motors are used in MIDP system, whose 

electrical equations can be found in the rotor reference 

frame [33]. The rotor coordinates of the motors do not 

match when the mechanical load of the motors is not the 

same for a specific application or for a period. As a result, 

according to the mechanical load of the motors, the 

coordinates have different angles. In such cases, the 

inverter dq coordinate system cannot be matched to the 

coordinate system of both motors at any time.  

The problem can be solved by transferring the 

governing equations of the second motor to the dq 

coordinate system of the first motor whereby the inverter 

dq coordinate system will be matched to the rotor 

reference frames of both motors. The following 

coordinate conversion (1) has been employed to transfer 

the state space equations of the second motor to the rotor 

reference frame of the first one [34]. 

 

𝑓𝑑𝑞𝑠2
𝑟1 = ( 𝐾𝑠 

𝑟2 𝑟1)𝑓𝑑𝑞𝑠2
𝑟2 ;                                               (1) 

𝐾𝑠
𝑟1

 
𝑟2 = [

𝑐𝑜𝑠(𝜃𝑟1 − 𝜃𝑟2) −𝑠𝑖𝑛(𝜃𝑟1 − 𝜃𝑟2)

𝑠𝑖𝑛(𝜃𝑟1 − 𝜃𝑟2) 𝑐𝑜𝑠(𝜃𝑟1 − 𝜃𝑟2)
]                                                                

where 𝑓𝑑𝑞𝑠2
𝑟2  is the state variable vectors of the second 

motor in its rotor reference frame and 𝑓𝑑𝑞𝑠2
𝑟1  is the 

transferred state variable vectors of the second motor to 

the rotor reference frame of the first motor, and 𝜃𝑟1 and 

𝜃𝑟2 are the electric angle displacements of the motors, 

respectively. The electrical equations of the second motor 

in the dq coordinate system of the first motor are 

provided by (1) as follows:  

{
  
 

  
 
𝑑

𝑑𝑡
(𝐼𝑞𝑠2
𝑟1 (𝑡)) =

1

𝐿
𝑉𝑞𝑠2
𝑟1 (𝑡) −

𝑟𝑠

𝐿
𝐼𝑞𝑠2
𝑟1 (𝑡) − ⋯                

…− 𝜔𝑟1(𝑡)𝐼𝑑𝑠2
𝑟1 (𝑡) −

1

𝐿
𝜔𝑟2(𝑡)𝜓𝑓 𝑐𝑜𝑠(𝜃𝑟1 − 𝜃𝑟2) ;

𝑑

𝑑𝑡
(𝐼𝑑𝑠2
𝑟1 (𝑡)) =

1

𝐿
𝑉𝑑𝑠2
𝑟1 (𝑡) −

𝑟𝑠

𝐿
𝐼𝑑𝑠2
𝑟1 (𝑡) + ⋯                

…+ 𝜔𝑟1(𝑡)𝐼𝑞𝑠2
𝑟1 (𝑡) −

1

𝐿
𝜔𝑟2(𝑡)𝜓𝑓 𝑠𝑖𝑛(𝜃𝑟1 − 𝜃𝑟2) ;

                                                       

                                                                                  (2) 

Where 𝑉𝑞𝑠2
𝑟1 (𝑡), 𝐼𝑑𝑠2

𝑟1 (𝑡), 𝐼𝑞𝑠2
𝑟1 (𝑡) and 𝑉𝑑𝑠2

𝑟1 (𝑡) are the 

stator current and voltage of the second motor in the first 

motor dq coordinate system. 

 

B. Design of the MIDP system Controllers 

The control signal generation algorithm based on the 

Pontryagin’s Maximum Principle, which is employed in 

MPC-based current controller design, are described first. 

 

B.1 Design algorithm of torque component current 

controller based on Pontryagin’s Maximum Principle: 

Using Taylor expansion, the nonlinear model of the 

control system at 𝑡𝑖 is defined as: 
𝑋•(𝑡) = 𝑓(𝑋(𝑡), 𝑈(𝑡), 𝑡)  = 𝐴(𝑋(𝑡𝑖), 𝑡𝑖)𝑋(𝑡) + ⋯

+⋯𝐵(𝑡𝑖)𝑈(𝑡) + 𝐷(𝑋(𝑡𝑖), 𝑡𝑖);
 

    Xmin  ≤ 𝑋(𝑡) ≤ Xmax 

Umin  ≤ 𝑈(𝑡)  ≤ Umax                                     

                                                                               (3) 

Where 𝑋(𝑡𝑖) is the state vector at the moment 𝑡𝑖, and A, 

B and D are the state matrix, input matrix and disturbance 

matrix, respectively, produced by the linearization and 

uncontrollable inputs. For the controlled system given in 

(3), to reach the desired condition, the performance index 

Fig. 1. Block diagram of the proposed method. The EPC block in the outer loop is related to speed control and the PCC block in the 
inner loop is related to current control. 
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of MPC problem is considered as follows: 

𝒥 = 𝑀𝑖𝑛
1

2
[(𝑋(𝑡𝑓) − 𝑋̂)

𝑇
𝑄𝑓(𝑋(𝑡𝑓) − 𝑋̂) +

∫ (𝑋(𝑡) − 𝑋̂)
𝑇
𝑄(𝑋(𝑡) − 𝑋∗) + 𝑈𝑇(𝑡)𝑅𝑈(𝑡)𝑑𝜏

𝑡𝑓
𝑡𝑖

] ;              

                                                                                     (4) 

 

Where 𝑄 ≥ 0, 𝑄𝑓 ≥ 0 and 𝑅> 0 are weighting matrices 

to be selected, 𝑋̂ is the reference state vector, 𝑋 is the 

optimal value of the state vector, 𝑡𝑓 is the end of the 

predictive horizon, and 𝑋(𝑡𝑓) is the state vector at 𝑡𝑓. The 

first statement is the final cost function and the other is the 

integral cost function. The Pontryagin’s Maximization 

Principle can be used to solve the MPC problem [35]. For 

this purpose, the Pontryagin function is written as follows: 

ℋ = 𝑍(𝑋(𝑡), 𝑋̂, 𝑡) + 𝜓𝑇(𝑡)(𝑓(𝑋(𝑡), 𝑈(𝑡), 𝑡));    

                                                                         (5) 

Where 𝜓(𝑡) is the quasi-variable state vector with equal 

dimension to the state vector 𝑋(𝑡), and 𝑍(𝑋(𝑡), 𝑋∗, 𝑡) is 

the second statement of (4). Based on the Pontryagin’s 

Maximum Principle, the necessary optimization conditions 

are 𝑋•(𝑡) = 
𝜕ℋ

𝜕𝜓
 , 𝜓•(𝑡) = −

𝜕ℋ

𝜕𝑋
 and  

𝜕ℋ

𝜕𝑈
= 0 .The linear 

equation of the controlled system and the necessary 

conditions of optimality make it possible to write the 

differential equations as follows: 

 

{
 
 
 
 

 
 
 
 
𝑋•(𝑡) = 𝐴(𝑋(𝑡𝑖))𝑋(𝑡) − 𝐵𝑈(𝑡) + 𝐷(𝑋(𝑡𝑖), 𝑡𝑖);

𝜓•(𝑡) = −𝑄(𝑋(𝑡) − 𝑋̂) − 𝐴𝑇(𝑋(𝑡𝑖))𝜓(𝑡);         

𝑈(𝑡) = 𝑅−1𝐵𝑇𝜓(𝑡);                                                  

𝑋(𝑡𝑖) = 𝑋𝑡𝑖;                                                                 

𝜓(𝑡𝑓) = (
𝜕(𝑋(𝑡𝑓)−𝑋̂)

𝑇
𝑄𝑓(𝑋(𝑡𝑓)−𝑋̂)

𝜕𝑋(𝑡)
)
𝑡𝑓

= ⋯               

                                                    … = 𝑄𝑓(𝑋(𝑡𝑓) − 𝑋̂);

  

                                                                                     (6) 

To calculate the control signals, the forward Euler 

method is used to approximate the left side of (6).  

 
𝑋(𝑡𝑖+1)−𝑋(𝑡𝑖)

𝜏𝑝
= 𝐴(𝑋(𝑡𝑖))𝑋(𝑡) − 𝐵𝑅

−1𝐵𝑇𝜓(𝑡) +

                                                        𝐷(𝑋(𝑡𝑖), 𝑡𝑖);                (7) 
𝜓(𝑡𝑖+1)−𝜓(𝑡𝑖)

𝜏𝑝
= −𝑄(𝑋(𝑡) − 𝑋̂) − 𝐴𝑇(𝑋(𝑡𝑖))𝜓(𝑡);  

                                                                         (8) 

 

where 𝜏𝑝 is small enough. After simplifying (7) and (8), 

calculating the predicted value of the state vector at the end 

of the sampling interval, and also calculating the value of 

the quasi-state variable at the beginning of the sampling 

interval, 𝜓(𝑡𝑖) can be written as follows: 

𝜓(𝑡𝑖) = 𝜌1𝑀
−1𝜌2𝑋(𝑡𝑖) + 𝜌1 ((𝑀

−1𝜌3𝜌1 − 1)𝑋̂ +

                                          𝜏𝑝𝑀
−1𝐷(𝑋(𝑡𝑖), 𝑡𝑖));                (9)  

The calculations related to the coefficients 𝜌1, 𝜌2, 𝜌3 and 

M can be found in the appendix. Thus, having 𝜓(𝑡𝑖), the 

control signals are obtained as follows: 

{
 
 

 
 
𝑈(𝑡𝑖) = 𝛼(𝑋(𝑡𝑖))𝑋(𝑡𝑖) + 𝛽(𝑋(𝑡𝑖));                    

𝛼(𝑋(𝑡𝑖)) = −𝑅−1𝐵𝑇𝜌1𝑀
−1𝜌2;                              

𝛽(𝑋(𝑡𝑖)) = −𝑅−1𝐵𝑇𝜌1 ((𝑀
−1𝜌3𝜌1 − 1)𝑋̂ + ⋯

                                          …+ 𝜏𝑝𝑀
−1𝐷(𝑋(𝑡𝑖), 𝑡𝑖))

 

                                                                                   (10) 

As it can be seen in (10), the control signals are obtained 

as linear-parametric relations from the measurable state 

variables, making online calculations time shorter. This is 

because 𝑈(𝑡𝑖) can be calculated, having the feedback state 

vector, 𝛼(𝑋(𝑡𝑖)) and 𝛽(𝑋(𝑡𝑖)). 

Consequently, the algorithm for generating control 

signals can be staged as follows: 

1. Obtaining the Pontryagin H function based on the 

designed performance index and the linear model 

of the system. 

2. Obtaining the necessary conditions for optimality 

in accordance with the Pontryagin’s Maximum 

Principle. 

3. Discretization of linear equations with the 

forward Euler approximation and calculating 

𝜓(𝑡𝑖) considering the boundary conditions. 

4. Determining the necessary conditions for 

controllability, with the assumptions of 𝑡𝑓 = 𝑡𝑖 +

1 and 𝜏𝑝 to be small enough. 

5. Achieving equations of control signals 

analytically, based on predicted state and quasi-

state variables. 

 

B.2 Designing current controller in MIDP system with 

two PMSM motors: 

To generate voltage signals in the proposed PCC, the 

electrical equations of both motors are used in the first 

motor dq coordinate system. Therefore, the state space 

model for setting the inner loop controller is as follows: 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 [
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

]

•

= [
𝛾11 𝛾12
𝛾21 𝛾22

] [
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

] + ⋯         

          …+
1

𝐿
[
1 0
0 1

1 0
0 1

]
𝑇

[
𝑉𝑞𝑠
𝑟1(𝑡)

𝑉𝑑𝑠
𝑟1(𝑡)

] + [
∆1
∆2
] ;

  

𝛾11 = 𝛾22 = [
−
𝑟𝑠
𝐿
−𝜔𝑟1(𝑡𝑖)

𝜔𝑟1(𝑡𝑖) −
𝑟𝑠
𝐿

] ;                       

Δ1 =
𝜓𝑓

𝐿
[
−𝜔𝑟1(𝑡𝑖)

0
] ;                                           

 Δ2 =
𝜓𝑓

𝐿
𝜔𝑟2(𝑡𝑖) [

− 𝑐𝑜𝑠(𝜃𝑟1(𝑡𝑖) − 𝜃𝑟2(𝑡𝑖))

− 𝑠𝑖𝑛(𝜃𝑟1(𝑡𝑖) − 𝜃𝑟2(𝑡𝑖))
] ;

 

                        

 

                                                                                      (11) 

where 𝛾12 = 𝛾21 is zero-matrix 2×2, and 𝐼 is a 2×2 identity 

matrix. Since both motors are fed by a three-phase inverter, 
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it is not possible to adjust the control variables using four 

voltage signals. Therefore, it is assumed that 𝑉𝑞𝑠
𝑟1 =

𝑉𝑞𝑠1
𝑟1 = 𝑉𝑞𝑠2

𝑟1  and 𝑉𝑑𝑠
𝑟1 = 𝑉𝑑𝑠1

𝑟1 = 𝑉𝑑𝑠2
𝑟1 .  In Equation (11), the 

variables 𝜔𝑟1(𝑡𝑖) and 𝜔𝑟2(𝑡𝑖) are the feedback values of 

the motor speeds, and 𝜃𝑟1(𝑡𝑖) and 𝜃𝑟2(𝑡𝑖) are the feedback 

values of the electrical angles at 𝑡𝑖. 
Considering the controller design algorithm, the 

performance index should be determined based on the 

intended control goal. As a result, for both motors to follow 

the reference values of currents under unequal mechanical 

load conditions and at the same time the voltage signals 

not to exceed the boundary limits, the performance index 

is defined according to (4). The required vectors and 

matrices are defined as follow:  

{
  
 

  
 𝑋(𝑡) = [𝐼𝑞𝑑𝑠1

𝑟1 (𝑡) 𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)]

𝑇
;

𝑈(𝑡) = [𝑉𝑞𝑠
𝑟1(𝑡) 𝑉𝑑𝑠

𝑟1(𝑡)]
𝑇
;     

𝑋̂ = [𝐼𝑞𝑑𝑠1
𝑟1 (𝑡) 𝐼𝑞𝑑𝑠2

𝑟1 (𝑡)]
𝑇
;    

𝑅 = [
𝑅11 0
0 𝑅22

] ;                       

 

and Q and Qf are deterministic positive diameter 4×4 

matrices. It is assumed that 𝐼𝑑𝑠1
 = 𝐼𝑑𝑠2

 = 0, so that the 

proposed PCC can be adjusted based on the field-oriented 

control method.  

By obtaining the Pontryagin H function and applying 

the necessary optimization conditions, the first-order state 

equations are as follows: 

 

[
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

]

•

= [
𝛾11 𝛾12
𝛾21 𝛾22

] [
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

] −

                     
1

𝐿2
𝑅−1 [

1 1
1 1

] [
𝜓𝑞𝑑𝑠1(𝑡)

𝜓𝑞𝑑𝑠2(𝑡)
] − [

∆1
∆2
] ;    (12) 

[
𝜓𝑞𝑑𝑠1(𝑡)

𝜓𝑞𝑑𝑠2(𝑡)
]

•

= −[𝑄11 𝑄22 𝑄33 𝑄44] × 𝐼 ×

      ([
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

] − [
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡)

]) − [
𝛾11 𝛾12
𝛾21 𝛾22

] [
𝜓𝑞𝑑𝑠1(𝑡)

𝜓𝑞𝑑𝑠2(𝑡)
] ;                 

                                                                                   (13) 

Where 𝐼 is a 4×4 identity matrix. After applying the 

forward Euler approximation and simplifications, as well 

as calculating coefficients 𝜌1, 𝜌2, 𝜌3, 𝜌4 and M, the control 

signals are as follows: 

 

[
𝑉𝑞𝑠
𝑟1(𝑡𝑖)

𝑉𝑑𝑠
𝑟1(𝑡𝑖)

] = [
𝐹11
𝑟1 𝐹12

𝑟1

𝐹21
𝑟1 𝐹22

𝑟1

𝐹13
𝑟1 𝐹14

𝑟1

𝐹23
𝑟1 𝐹24

𝑟1
] [
𝐼𝑞𝑑𝑠1
𝑟1 (𝑡𝑖)

𝐼𝑞𝑑𝑠2
𝑟1 (𝑡𝑖)

] + [
𝐺11
𝑟1

𝐺21
𝑟1
];  

                                                                       (14) 

Although each element in matrices 𝐹 
𝑟1 and  𝐺 

𝑟1  has, 

respectively, 64 and 230 multiplication and 26 and 90 

addition operations, the number of mathematical 

operations is greatly reduced after simplification as 

multiplication and addition operations for each control 

signal is  128 and 78, respectively. The reversibility of 

matrix M should be realized before calculating these 

matrices. Otherwise, the proposed method would not be 

efficient. In what follows, the reversibility matrix M is 

examined. 

 

B.3   The reversibility matrix M: 

Calculating the coefficients 𝜌1, 𝜌2, 𝜌3, 𝜌4 gives the 

following matrix M: 

𝑀 = [

𝑚11 + 1 𝑚12

𝑚21 𝑚22 + 1

𝑚13 𝑚14

𝑚23 𝑚24

𝑚11 𝑚12

𝑚21 𝑚22

𝑚13 + 1 𝑚14

𝑚23 𝑚24 + 1

] 

All the elements can be found in the appendix. The 

weighting values should be 𝑄11 = 𝑄33, 𝑄22 = 𝑄44,
𝑄𝑓11 = 𝑄𝑓33,  and 𝑄𝑓22 = 𝑄𝑓44 must be defined in matrix 

M. Otherwise, there would be bias in motors. Reversibility 

is proven when the determinant of M is zero. Determinant 

of M is as follows: 

𝐷𝑒𝑡(𝑀) = 1 + (
1

𝜏𝑝
−

𝑟𝑠

𝐿
) (

2𝑄𝑓11

𝑅11
+

2𝑄𝑓22

𝑅22
+

                       
4

𝑅11𝑅22
(𝑄22𝑄𝑓11 + 𝑄11𝑄𝑓22) (

𝜏𝑝

𝐿
)
2

+ (
1

𝜏𝑝
−

                       
𝑟𝑠

𝐿
)
 
4𝑄𝑓11𝑄𝑓22

𝑅11𝑅22
(
𝜏𝑝

𝐿
)
2

) (
𝜏𝑝

𝐿
)
2

+ (
2𝑄11

𝑅11
+

2𝑄22

𝑅22
+

                       
4𝑄11𝑄22

𝑅11𝑅22
(
𝜏𝑝

𝐿
)
2

) (
𝜏𝑝

𝐿
)
2

;                               (15) 

when the value of (
1

𝜏𝑝
−

𝑟𝑠

𝐿
) is chosen positive, the 

determinant of matrix M will be non-zero.  

In the above approximation, it is assumed that the value 

of 𝜏𝑝 is smaller than the electrical time constant of the 

motors. Thus, the determinant of M is always non-zero.  

 

C. MPC-based speed controller design 

With the least fluctuation and in the shortest possible 

time, the motor speeds reach the reference speed when 

the designed speed controller adjusts the commands of 

the current-torque components in the inner loop. 

Accordingly, the performance index is defined as 

follows: 

{
𝒥 = min

𝑋
{
1

2
∫ 𝑉(𝑋̂, 𝑋(𝜏), 𝜏)𝑑𝜏
𝑡𝑓
𝑡𝑖

}        

 𝑉 = (𝑋̂ − 𝑋(𝑡))
𝑇

𝑄𝑠𝑤(𝑡) (𝑋̂ − 𝑋(𝑡))
      

                                                                          (16) 

Where the state vector 𝑋(𝑡) =
[𝜔𝑟1

• (𝑡) 𝜉𝑘1
 (𝑡) 𝜔𝑟2

• (𝑡) 𝜉𝑘2
 (𝑡)]𝑇 contains the 

angular accelerations (𝜔𝑟 
• (𝑡)) and kinetic energies 

(𝜉𝑘
 (𝑡)). The element values of reference vector 

are [0
1

2
𝐽𝑡 (𝜔̂𝑟1

 (𝑡))
2

0
1

2
𝐽𝑡 (𝜔̂𝑟2

 (𝑡))
2
]
𝑇

. The total 

inertia moment of load and motor is 𝐽𝑡, and 𝑄𝑠𝑤(𝑡) is the 

deterministic positive weighting matrix. Since motors are 

not mechanically coupled, therefore, the elements 

associated with their coupling will be zero in the 

𝑄𝑠𝑤(𝑡) matrix. By replacing the state and reference 
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vectors in performance index and minimizing the integral 

cost function relative to the motor speed slopes, (17) is 

obtained. 

{
 
 
 

 
 
 𝜔𝑟1

• (𝑡) = 𝐾𝜔𝑟1 ((𝜔̂𝑟1
 )

2
− (𝜔𝑟1

 (𝑡𝑖))
2

) ;

𝐾𝜔𝑟1 =
2𝐽𝑡

𝑝2
(
𝑄𝑠𝑤12(𝑡)+𝑄𝑠𝑤21(𝑡)

𝑄𝑠𝑤11
) ;                

𝜔𝑟2
• (𝑡) = 𝐾𝜔𝑟2 ((𝜔̂𝑟2

 )
2
− (𝜔𝑟2

 (𝑡𝑖))
2

) ;

𝐾𝜔𝑟2 =
2𝐽𝑡

𝑝2
(
𝑄𝑠𝑤34(𝑡)+𝑄𝑠𝑤43(𝑡)

𝑄𝑠𝑤33
) ;                

  
 

 

 

(17) 

                                                                                (17) 

The reference and electrical angular speeds of the 

motors at 𝑡𝑖 are 𝜔̂𝑟1
 , 𝜔̂𝑟2

 , 𝜔𝑟1
 (𝑡𝑖), 𝜔𝑟2

 (𝑡𝑖), respectively. 

By choosing 𝑄𝑠𝑤11 = 𝑄𝑠𝑤33 =
2

𝑝
∆𝑡2 and 𝑄𝑠𝑤12(𝑡) =

𝑄𝑠𝑤21(𝑡) =
1

2𝑇𝐿1(𝑡𝑖)
 and also 𝑄𝑠𝑤34(𝑡) = 𝑄𝑠𝑤43(𝑡) =

1

2𝑇𝐿2(𝑡𝑖)
 and by choosing an arbitrary value for 

𝑄𝑠𝑤22and 𝑄𝑠𝑤44 , to keep the matrix 𝑄𝑠𝑤(𝑡)  as positive 

deterministic, (17) is as follows: 

 
2

𝑝
𝜔𝑟𝑘
• (𝑡)𝑇𝐿𝑘(𝑡𝑖)∆𝑡

2 =
2𝐽𝑡

𝑝2
((𝜔̂𝑟𝑘

 )
2
− (𝜔𝑟𝑘

 (𝑡𝑖))
2

);   

                                                                 (18) 

Where 𝑇𝐿𝑘(𝑡𝑖) is the load-torque of the kth motor at 𝑡𝑖. 

If the ∆𝑡 is small enough, the left side of equation (18) 

could be approximated as follows: 
2

𝑝
𝜔𝑟𝑘
• (𝑡)𝑇𝐿𝑘(𝑡𝑖)∆𝑡

2 =
2

𝑝

∆𝜔𝑟𝑘
(𝑡)

∆𝑡
𝑇𝐿𝑘(𝑡𝑖)∆𝑡

2 =

                                                                   
2

𝑝
∆𝜔𝑟𝑘(𝑡)𝑇𝐿𝑘(𝑡𝑖)∆𝑡  

Since ∆𝜔𝑟𝑘(𝑡)𝑇𝐿𝑘(𝑡𝑖) =  ∆𝑃𝑘(𝑡), the equation (18) is 

the power in electric motor shaft in ∆𝑡 period. Therefore, 

the left side of the equation (18) would be looked like 

this. 
2

𝑝
𝜔𝑟𝑘
• (𝑡)𝑇𝐿𝑘(𝑡𝑖)∆𝑡

2 =
2

𝑝
∆𝑃𝑘(𝑡)∆𝑡 =

2

𝑝
∆𝐸𝑘(𝑡)  

where ∆𝐸𝑘(𝑡) is the flow energy to the motor at a definite 

time. It should be noted, the 𝑇𝐿𝑘has been assumed a 

constant parameter in ∆𝑡 period. The right side of (18) is 

the difference of the kinetic energy. The 
2𝐽𝑡

𝑝2
(𝜔𝑟𝑘

 (𝑡𝑖))
2

is 

the kinetic energy in the motor shaft, and the 
2𝐽𝑡

𝑝2
(𝜔̂𝑟𝑘

 )
2
 

is the kinetic energy in the reference speed.  

Using the mechanical equation of PMSM motors, the 

commands of stator current-torque components are as 

follows: 

𝐼𝑞𝑠𝑘
𝑟1 (𝑡𝑖) =

8𝐽.𝐽𝑡

∆𝑡23𝑝𝜓𝑓𝑇𝐿𝑘
(𝑡𝑖)
((𝜔̂𝑟𝑘

 )
2
− (𝜔𝑟𝑘

 (𝑡𝑖))
2

) +

                             
8𝐵𝑚

3𝑝2𝜓𝑓
𝜔𝑟𝑘
 (𝑡𝑖) +

4

3𝑝𝜓𝑓
𝑇𝐿𝑘(𝑡𝑖);   (19) 

 Where k = 1, 2. Since the balance between the 

required energy and the kinetic energy on the motor shaft 

play an important role in the generation of control 

signals, this method of speed control can be introduced 

as Energy-based Predictive Control (EPC). When the 𝜔̂𝑟𝑘
  

is issued, the kinetic energy difference appears. If the 

energy flowing to the motor shaft is greater than the 

kinetic energy difference, the motor reaches a speed more 

than the reference speed in transient mode, and vice 

versa. If the energy delivered to the motor is equal to the 

kinetic energy difference, no excess energy will be 

injected into the motor. Therefore, the energy that causes 

the speed fluctuations will not inject into the motor. 

When the motor speed approaches the reference speed, 

the kinetic energy difference will be reduced, and the 

energy delivered to the motor for the desired changes is 

reduced. Equation (19) suggests when the speed changes 

of each motor are at such a way that each of the 

commands 𝐼𝑞𝑠1
𝑟1 (𝑡𝑖) and 𝐼𝑞𝑠2

𝑟1 (𝑡𝑖) exceeds the nominal 

current limits, the value of the nominal current of the 

motors must replace the calculated command. It is 

necessary to mention that this controller can use in any 

electrical smooth pole motor. 

  

D. Load torque calculation: 

Since (19) spends on the load torque, 𝑇𝐿 needs to be 

available to set the command value 𝐼𝑞𝑠
𝑟1. The load torque 

is usually measured by a torque meter or is calculated 

using estimation methods. Since a torque meter increases 

the cost and the measurement noise of electric 

propulsion, computational methods are used to estimate 

the amount of load torque. Considering the mechanical 

equation and the electromagnetic torque equation of the 

surface mounted PMSM motor, the load torque equation 

can be written using the backward Euler approximation, 

as follows: 

𝑇𝐿 (𝑡𝑖) =
3

2

𝑝

2
𝜓𝑓𝐼𝑞𝑠

𝑟 (𝑡𝑖) − 𝐽
2

𝑝  
(
𝜔𝑟(𝑡𝑖)−𝜔𝑟(𝑡𝑖−1)

𝜏𝑝
) −

                                                            𝐵𝑚
2

𝑝
𝜔𝑟(𝑡);            (20) 

To increase the accuracy of the calculated value, the 

value of load torque is set equal to the average of the last 

10 samples.  

 

E. Impact of constraints on MIDP system drive with 

two PMSM motors: 

It is possible to use the electrical and mechanical 

equations of motors in equation (6). In this case, the 

speed and current controllers will be integrated. If, in 

MIDP, the MPC speed and current controllers were 

integrated, two control signals 𝑉𝑑𝑠
𝑟1  and 𝑉𝑞𝑠

𝑟1  would control 

six state variables Ids1,2 , Iqs1,2 and ωr1,2. Doing so would 

involve two important drawbacks. First, controlling six 

control variables with two control signals would be 

challenging. Second, the control signals 𝑉𝑑𝑠
𝑟1 and 𝑉𝑞𝑠

𝑟1 

highly depend on the motor speeds and a change in the 

speed command would cause many changes in them. 

Therefore, it would increase the possibility that voltages 

are limited by constraints by changing the speed 
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command. This would cause the motor control process to 

deviate from the optimal mode path. In this paper, an 

external loop controller is introduced.   

One of its features is that it determines the optimal Iq𝑠 

current commands in proportion to the speed command 

changes. That is, in a sampling interval, the total kinetic 

energy needed to change the motor speeds is calculated 

and the speed slope of each motor is determined, which 

is based on a portion of the total kinetic energy applicable 

to it.  

Another feature of the controller is the optimal 

determination of the speed slope based on the selected 

cost function, which causes the final value of the motor 

speeds to be reached in a short interval. If the calculated 

speed slope does not lead to the set value in the short 

interval, the nominal limits of the currents are selected. 

This means the full capacity of the motors is used. In 

other words, the kinetic energy of each motor is taken 

into account in calculating the speed slope of that motor, 

and, consequently, the excess energy is not imposed on 

them and speed fluctuation decreases significantly.  

 

III.SIMULATION RESULTS  

To show the performance and capability of the 

proposed controller, MATLAB / Simulink software is 

used to run the proposed drive technique. Because low-

inertia motors have fast dynamics, selecting such a motor 

can be a major challenge for controllers to generate 

control signals. Since the controller performance was 

very good in low inertia motors, proper performance is 

not far from expectation in high inertia motors. 

 Hence, two identical PMSM motors manufactured by 

LS Company with XML-SB04A series are chosen as 

MIDP system motors. The specifications are listed in 

Table 1. 
Table 1 

PMSM motor parameters 

              Motor Parameter Parameter Value 

Nominal Power 𝑃𝑟𝑎𝑡𝑒  400𝑊𝑎𝑡𝑡 

Nominal Current 𝐼𝑟𝑎𝑡𝑒 2.89𝐴 

Pole Number  𝑝  8  
Stator Resistance  𝑟𝑠 0.82Ω 

Stator Inductance L 3.66𝑚𝐻 

Permanent Magnet Flux 𝜓𝑓 0.0734𝑤𝑏 

Nominal Speed 𝑁𝑠𝑦𝑛 3000𝑟.𝑝.𝑚 

Nominal Torque 𝑇𝑟𝑎𝑡𝑒  1.27 𝑁.𝑚 

Maximum Torque 𝑇𝑚𝑎𝑥 3.82 𝑁.𝑚 

Moment of Inertia 𝐽  0.0321 × 10−4
  𝐾𝑔.𝑚2

 

Friction Coefficient 𝐵𝑚 0.6 × 10−6
   𝑁.𝑚.𝑆𝑒𝑐

 

 

Table 2 
Three-phase inverter parameters 

                Inverter Parameter Parameter Value 

DC Power Supply 𝑉𝐷𝐶 173𝑉 

Switching Frequency 𝑓𝑆𝑊 8𝐾𝐻𝑧 
On-Mode Resistance of Power 

Switches 
𝑅𝐷𝑆(𝑜𝑛) 0.019Ω 

The specifications of the SVM modulation inverter 

are listed in Table 2. Based on section II, the internal 

and external loop controller values should be 

determined. In the design of the inner loop controller, 

the value 𝜏𝑝 = 0.125 × 10−3and the weighting 

matrices are selected as follows:  

𝑅 = [
1 0
0 1

] ;     𝑄 = [

15 0
0 85

0 0
0 0

0 0
0 0

15 0
0 85

] ;    

𝑄𝑓 = [

280 0
0 5800

0 0
0 0

0 0
0 0

280   0
0 5800

] ; 

In EPC speed controller, ∆𝑡 = 0.0118. The sampling 

frequency of the motor feedback currents is assumed to 

be 25𝐾𝐻𝑧. In this paper, to evaluate the validity of the 

control method, the results are compared with the ICS-MPC 

method. In this method, the amplitude and the angle of the 

voltage vector are incrementally increased by 1% and 1 

degree, respectively. For each step, the discrete electrical 

equations of the PMSM motors are solved and the values of 

the state variables (𝐼𝑑𝑞𝑠) are determined. Then, the error rate 

of the state variables is calculated by the square cost function 

in (21). 

𝐶𝐹 = 𝑀𝑖𝑛∑ [𝐾𝜓𝑗 |𝐼𝑑𝑠𝑗
 − 𝐼𝑑𝑠𝑗

𝑟1 |
2

+ 𝐾𝑇𝑗 |𝐼𝑞𝑠𝑗
 −2

𝑗=1

                                                                       𝐼𝑞𝑠𝑗
𝑟1 |

2

];     (21) 

Where 𝐼𝑑𝑞𝑠 
  are the reference control signals obtained 

from (19). Finally, by calculating the cost function 

36,000 times in a sample time, the voltage vector leading 

to the lowest cost function is selected. Although having 

the time for this huge amount of calculation in 

microcontroller is not feasible, the comprehensive 

optimal value of the cost function can be achieved by 

searching the entire space vector of the control signal.  

Fig. 2 provides a basis to compare the performance of 

the introduced method with the ICS-MPC method 

with 𝐾𝜓𝑗 = 0.1 and 𝐾𝑇𝑗 = 1.1. The used control strategy 

in Fig. 2 is such that the motors are started with nominal load 

torque, and in t=0.05 the load torque of the second motor is 

suddenly reduced by 30%. Then, the speed of the motors is 

simultaneously reduced by 50% under unequal load torques 

at t=0.1. At last, the reduced load torque of the second motor 

and the speed command change to their nominal values at t 

= 0.2. It can be seen that both methods have similar 

responses. However, the amount of calculations in ICS-

MPC in each cycle is significantly higher than the proposed 

method. Thus, according to (14) and (19), the proposed 

method has a more prompt and accurate control over 

motors. Additionally, it needs a cheaper microcontroller.  

For a more accurate comparison, Table 3 shows the THD 

and Integral Square Error (ISE) values in both motors at 

different speeds. The ISE is obtained by the following 

equation:  
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Fig. 2. The speeds and torques of PMSM motors. (a) Speeds and (b) torques of motors in the proposed method. (c) Speeds and (d) 
torques of motors in the ICS-MPC method. 
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𝐼𝑆𝐸 = ∑ (𝜔̂𝑟,𝑘 −𝜔𝑟,𝑘)
2
∆𝑡2

𝑘=1 ;                  (22) 
 

Table 3 
Comparison of THD and ISE value in the proposed MPC and 

ICS-MPC methods. 

ICS-MPC   MPC Proposed  

ISE 
THD  

2nd  

Motor 

THD 
 1st  

Motor 

ISE 
THD  

2nd  

Motor 

THD  
1st  

Motor 

speed 
(rpm) 

0.1617 1.47 2.0 0.1152 1.37 1.87 1500 
0.1946 1.60 2.31 0.1381 1.58 2.27 3000 

 

A. Load torque changing at an equal speed of motors  

In what follows, the performance of the FCS-MPC 

method and the proposed method are compared in three 

different control strategies. The internal loop control 

coefficients of FCS-MPC and ICS-MPC methods are the 

same. In the outer loop, PI controllers are used. Fig. 3 

displays the speeds and torques of the motors in the FCS-

MPC and the proposed methods in three strategies.  

The different performances of these two methods can be 

seen by comparing the plots. Moreover, the waveform of 

speeds in each strategy is magnified in Fig. 4. 

 In this strategy, the motors have equal nominal speeds 

and load torques in startup. In 0.05 second, the 2nd motor 

load is abruptly reduced by 30% and lasts till 0.1 second. As 

shown in Fig. 4d, the controller's goal during this strategy is 

only to perform the 2nd motor torque command and has no  

control over the 1st motor in transient conditions. That is, 

simultaneous control of two motors has not been realized. 

On the other hand, the speed of the 2nd motor shown in green 

in Fig. 4d is well controlled, while the speed of the 1st motor 

shown in blue in Fig. 4d indicates that there is no control 

over the first motor in the same period. This lack of control 

causes the first motor speed to deviate more than 400 rpm 

from the reference speed, and the produced undershoot in 

the speed waveform can cause tension, strain, and motor 

shaft fatigue. As a result, the performance of the FCS-MPC 

method indicates that it could control one of the motors in 

transient conditions, and the other one could not be controlled. 

However, both motors are controlled simultaneously in the 

proposed method at any point in time (Fig. 4a).  

As can be seen in Fig. 4a, in the time of 0.075 second, the 

speeds of the two motors are equal and approach the 

reference value with a slight difference. However, in the 

meantime, the speeds of motors are in fluctuation (Fig. 4d), 

which appears as a disturbance in motor torque (Fig. 3d).  

As a result, the proposed method achieves faster the 

steady-state condition than the FCS-MSC method. 

Furthermore, the low accuracy of the FCS-MPC method has 

caused constant fluctuations in the motor torque waveform, 

and consequently distortion in motor current (Fig. 5c and 

Fig. 5d). 

Fig. 3. The speeds and torques of PMSM motors. (a) Speeds and (b) torques of motors in the proposed method. (c) Speeds and (d) 
torques of motors in the FCS-MPC method. 
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 However, it is not present in Fig. 5a and Fig. 5b 

waveforms. In addition, the motor currents become in 

phase in less than 0.02 second, but the currents in the 

FCS-MPC method have phase differences for a longer 

period.  

 

B. Simultaneous change of motor speeds at unequal load 

torques: 

In this strategy, the motors have unequal load torques, 

and their speed command is changed in steps at a rate of 

50% of the nominal value in 0.1 second until 0.2 second. 

To achieve the deceleration, braking torque is applied. 

The braking torque is continuously increased to reduce 

the speed of the motors in the FCS-MPC method. When 

the motor speeds reach the reference value, the 

electromagnetic torque of the motors is much lower than 

the load torque, and the negative acceleration reaches its 

maximum value. When controllers act this way, the 

motor speeds have a 1000 rpm deviation from the 

reference value (Fig. 4e). Regarding the dynamic 

performance of FCS-MPC controllers within the interval, 

the transient state fluctuations can be attributed to the 

excess energy imposed on motors. However, in the 

proposed method, the new reference speed value is taken 

into account in the prediction horizon of the external loop 

controller. Therefore, from the very beginning, it applies 

the required braking torque to the motors, and the amount 

of braking torque decreases as the motor speeds approach 

the reference value. Consequently, no excess energy is 

applied to two motor shafts.  

As shown in Fig. 4b, when the speed decreases, the 

braking torque also decreases. Similarly, when the 

electromagnetic torques are equal to the load torques, the 

motor speeds reach the reference value with no 

fluctuation in current waveforms (Fig. 5a and Fig. 5b). 

The controller behaves such that the transient state passes 

and reaches a stable value without any fluctuations in 

speed, torque, and current. 

Fig. 4. Magnified plots of the MIDP system speeds. (a-c) Speed motors in the proposed method. (d-f) Speed motors in the FCS-
MPC methods. 
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C. Simultaneous change of motor speeds and load 

torques 

Within the time interval of 0.2 to 0.25 second, the 

motor speeds suddenly reach the reference value, and the 

mechanical load of the 2nd motor returns to the nominal 

value. In the FSC-MPC method, more control processing 

is allocated to reducing the difference between motor 

torque and reference torque regardless of motion 

dynamics.  

This limits the control signals to predetermined 

constraints (Fig. 4f). However, in the proposed method, 

by fine-tuning the controllers, a better dynamic 

performance of the motors is observed without the 

currents reaching the above constraints (Fig. 4c).  

In order to compare the transient performance of two 

methods, load torque in the 2nd motor is suddenly 

decreased in three stages. Then, the amount of maximum 

speed deviations from the reference speed is obtained 

(Table 4).  

Table 5, by investigating the ISE in two different load  

torque modes, compares the steady-state performance of 

the two methods. It shows that the steady-state 

performance of the designed controller, compared with 

FCS-MPC method, has less distortion at nominal speed. 

The results indicate that when MIDP system is driven 

using the proposed MPC method, it is approximately 568 

times and 1.16 times less time consuming than the ICS-

MPC and FCS-MPC method, respectively (Table 6).  

The saved time frees microcontroller capacity to 

perform position and speed sensorless control. Table 7 

compares the number of mathematical operations for 

generating voltage signals in the proposed method and 

the FCS-MPC method.  

It is observed that the number of mathematical 

operations of the conventional FCS-MPC method is 

somewhat more than the proposed method. In addition, 

in this method, the minimum value of the objective 

function must be interpolated. Although the conventional 

FCS-MPC method is known to have a short computation 

time, it has more computational time than the proposed 

method. 

 

(a)                                                                                                                  (c) 

(b)                                                                                                            (d) 

Time (Second)                                                                                              Time (Second) 

Fig. 5. Three phase currents in both motors. (a) and (b) are currents of 1st and 2nd motor in the proposed method, respectively. (c) 
and (d) are currents of 1st and 2nd motor in the FCS-MPC method, respectively 
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Table 4 
Comparison of maximum motor speed deviations  

ω̂𝑟 ∆𝑇𝐿2 
Motor 

 No 

Max. Speed  

Deviation in 

Proposed MPC 

Max. Speed  

Deviation in 

FCS-MPC 

 

 

 
1500 

 

 

10% 
𝑀1 82.022 129.430 

𝑀2 72.536 37.169 

30% 
𝑀1 237.009 425.206 

𝑀2 218.011 152.425 

50% 

𝑀1 434.911 720.896 

𝑀2 339.474 279.841 

3000 

10% 
𝑀1 76.770 124.908 

𝑀2 76.712 43.056 

30% 
𝑀1 236.174 419.737 

𝑀2 218.290 184.999 

50% 
𝑀1 428.748 718.076 

𝑀2 351.419 334.451 

 
Table 5 

Comparison of ISEs. 

Speed 
Load 

Torque 
Motor 

 No 

ISE 

Proposed MPC FCS-MPC 

 

 

3000 
 

𝑇𝐿1 = 𝑇𝐿2 
𝑀1 0.0179 0.2449 

𝑀2 0.0179 0.2449 

𝑇𝐿1 ≠ 𝑇𝐿2 
𝑀1 0.0504 0.2560 

𝑀2 0.0311 0.2563 

 
Table 6 

Elapsed time to produce control signals in the proposed 
method, FCS-MPC and ICS-MPC. 

ICS-MPC FCS-MPC Proposed MPC  

2.601221𝑚𝑠 0.005333𝑚𝑠 0.004579𝑚𝑠 Elapsed time 

 
Table 7 

Comparison of the number of mathematical operations in two 

methods. 

 Multiplication 

operations 

Addition 

operations 

Proposed Method 257 157 
FCS-MPC Method 342 168 

 

D. The sensitivity analysis of the proposed control 

method 

The parameters of two electrical motors produced by 

the same manufacturer sometimes are different because 

of temperature effects, operating conditions, and even 

low-quality production. Therefore, in Fig. 6, the variation 

effect of the stator resistor, inductance, and linkage flux 

has been considered on the performance of the designed 

controllers. To study sensitivity, both motors are rotated 

at rated speed, and the load torques of the first and second 

motors are at their rated value and 70 percent rated value, 

respectively.  

The 𝑟𝑠, 𝐿 and 𝜓𝑓 values of the first motor are changed 

step by step from -%20 to +%20 of their rated values in 

0.1 seconds while the electrical parameter values of the 

second motor are according to Table 1. As seen from Fig. 

6(a) to 6(d), undesirable variation in the 𝑟𝑠 and 𝐿 of the 

first motor at the specified range has been little effect on 

the speed waveform of both motors in the transient state, 

and their effects are completely eliminated in the steady 

state. The effect of the flux variation is shown in Fig. 6(e) 

and 6(f). Although the 𝜓𝑓 variation, especially at ± 20%, 

has been caused a sharp fluctuation in the transient state, 

such a linkage flux variation often does not occur in only 

one of the motors. However, the proposed method is able 

to maintain the stability of the MIDP motors in steady-

state. As a result, undesirable variations in the electrical 

parameters of the motors do not affect the steady-state 

performance of the proposed method. The sensitivity of 

the designed controllers has also been very little to 

variations in the resistance and inductance of the stator so 

that significant fluctuations do not observe in the 

transient state. 

 

E. Comparing both method performances in high-power 

motors 

 

Since the proposed method should be used to drive the 

power train, the controllers performance should be 

checked in the high-power motors. Therefore, two 

identical surface-mounted PMSM motors are considered, 

and their specifications are listed in Table 8. The DC-link 

voltage and switching frequency of the inverter are 

600𝑉 , 8𝐾𝐻𝑧 respectively. The elements of the weighting 

matrices and the cost function coefficients are as follows: 

 
Table 8 

PMSM motor parameters 

              Motor Parameter Parameter Value 

Nominal Power 𝑃𝑟𝑎𝑡𝑒  125𝐾𝑊𝑎𝑡𝑡 

Pole Number  𝑝  8  
Stator Resistance  𝑟𝑠 0.02Ω 

Stator Inductance L 1.0𝑚𝐻 

Permanent Magnet Flux 𝜓𝑓 0.892𝑤𝑏 

Nominal Speed 𝑁𝑠𝑦𝑛 2000𝑟.𝑝.𝑚 

Nominal Torque 𝑇𝑟𝑎𝑡𝑒  600 𝑁.𝑚 

Maximum Torque 𝑇𝑚𝑎𝑥 1800 𝑁.𝑚 

Moment of Inertia 𝐽  1.57  𝐾𝑔.𝑚
2
 

 

𝑄𝑓1 = 𝑄𝑓3 = 1200;   𝑄𝑓2 = 𝑄𝑓4 = 150; 

  𝑄1 = 𝑄3 = 125;        𝑄𝑓2 = 𝑄𝑓4 = 85; 

      𝐾𝜓𝑗 = 0.3;     𝐾𝑇𝑗 = 2.34 

The control strategy consists of three stages. Both 

motors start with the nominal load torques at rated speed. 

In time 0.3 seconds, the load torque of the second motor 

is abruptly reduced from 600𝑁.𝑚 to 420𝑁.𝑚. In the 

following, the speed command is decreased by step in 1.0 

seconds, while motors are in unequal load torque 

conditions.  

As can be seen, no fluctuation observes in the speed 

and torque waveforms at the start-up and deceleration 
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stages, and there is an insignificant fluctuation in the 

speed and torque waveforms at unbalancing load torque. 

As a result, the proposed method has properly 

controlled both electrical motors in the transient and 

steady states (Fig.7). The FCS-MPC has also controlled 

both electrical motors. However, the speed and torque 

fluctuations can be seen even in the steady-state (Fig.8). 

The main factors that caused the fluctuations can be 

found in the controllers of the FCS-MPC. Indeed, the 

current controller evaluates the cost function (21) with 

the limited number of voltage vectors (𝑉0, 𝑉1, 𝑉2, … , 𝑉6) 

and selects one of them as the control signal. Therefore, 

the whole vector space does not evaluate at the cost 

function, and the optimal control signal does not obtain. 

On the other hand, the speed controller coefficients are 

adjusted only for an operating point. Therefore, the 

controller does not know how much energy must exchange 

in unforeseen changes. As a result, the unknown duration 

should elapse to reduce the produced fluctuations. 

Fig. 6. The effect of the electrical parameter variations over the speed of the motors. (a), (b) The 𝑟𝑠1 variation on the speed waveform of the 
first and second motors, respectively. (c), (d) The 𝐿1 variation on the speed waveform of the first and second motors, respectively. (e), (f) 

The 𝜓𝑓1 variation on the speed waveform of the first and second motors, respectively. 

                                                            (e)                                                                                                                          (f) 

                                                          (c)                                                                                                                        (d) 

                                                      (a)                                                                                                                          (b) 
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(b) 
Fig. 7. The speed and torque waveforms of the high-power motors in the proposed method. (a) The speed waveform of the 

reference and both motors. (b) ) The torque waveform of both motors. 

(b) 
Fig. 8. The speed and torque waveforms of the high-power motors in the FCS-MPC method. (a) The speed waveform of the reference and both 

motors. (b) The torque waveform of both motors. 

(a) 

(a) 
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IV.CONCLUSION 

As seen, most calculations are done offline in the inner 

and outer loop controllers based on MPC. Consequently, 

the control signals in each sampling interval are 

calculated in a very short time. Therefore, it is possible to 

use inexpensive microcontrollers. It also frees up 

microcontroller capacity to perform observer calculations 

in sensorless controls. The entire locus of the voltage 

space vector has been evaluated in the ICS-MPC method 

to prove the optimality of the used method. The results 

show that the proposed drive technique not only 

calculates the control signals in which ultimately leads to 

the realization of the comprehensive minimum cost 

function but also is independent of unwanted variations 

in motor parameters. Furthermore, the obtained control 

signals are independent of electric motor types. Indeed, 

the control signal of the outer loop can be applied in all 

of the electric motors with a smooth pole rotor. The inner 

loop control signal can also be applied to regulate the 

currents of any electric motor provided that the M matrix 

is reversible. It can be concluded that, in MIDP systems, 

the overall performance of the designed controllers has 

been far better than the conventional model-based control 

method.  

APPENDIX: 

The coefficients 𝜌1, 𝜌2, 𝜌3,𝜌4 and 𝑀 equations are as 

follows: 

𝜌1 = [𝜌4𝑄𝑓 + 𝑄𝜏𝑝];        𝜌2 = (𝐼 +  𝐴(𝑋(𝑡𝑖))𝜏𝑝); 

𝜌3 = 𝐵𝑅
−1𝐵𝑇𝜏𝑝;     𝜌4 = (𝐼 + 𝐴

𝑇(𝑋(𝑡𝑖))𝜏𝑝);  

𝑀 = 𝐼 + 𝜌3𝜌1;        𝐴 = [
𝛾11 𝛾12
𝛾21 𝛾22

] ;  

𝐵 =
1

𝐿
[
1 0
0 1

1 0
0 1

]
𝑇

;   

In addition, the components of M matrix are as 

follows: 

𝑚11 = (
𝜏𝑝

𝐿
)
2

(
𝑄11

𝑅11
+

𝑄𝑓11

𝑅11
(
1

𝜏𝑝
−

𝑟𝑠

𝐿
)) ;  

𝑚12 = (
𝜏𝑝

𝐿
)
2 𝑄𝑓22

𝑅11
𝜔𝑟1(𝑡𝑖);  

𝑚21 = −(
𝜏𝑝

𝐿
)
2 𝑄𝑓11

𝑅22
𝜔𝑟1(𝑡𝑖);  

𝑚13 = (
𝜏𝑝

𝐿
)
2

(
𝑄33

𝑅11
+

𝑄𝑓33

𝑅11
(
1

𝜏𝑝
−

𝑟𝑠

𝐿
)) ;  

𝑚14 = (
𝜏𝑝

𝐿
)
2 𝑄𝑓44

𝑅11
𝜔𝑟1(𝑡𝑖);  

𝑚23 = −(
𝜏𝑝

𝐿
)
2 𝑄𝑓33

𝑅22
𝜔𝑟1(𝑡𝑖);  

    𝑚22 = (
𝜏𝑝

𝐿
)
2

(
𝑄22

𝑅22
+

𝑄𝑓22

𝑅22
(
1

𝜏𝑝
−

𝑟𝑠

𝐿
)) ;  

𝑚24 = (
𝜏𝑝

𝐿
)
2

(
𝑄44

𝑅22
+

𝑄𝑓44

𝑅22
(
1

𝜏𝑝
−

𝑟𝑠

𝐿
)) ;   
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