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Abstract. The method of Mono-Inverter Dual-Parallel (MIDP) motors has been noticed in the drive of the multi-
motor systems in order to reduce the number of power electronic devices as well as the volume, weight, and cost of
the drive system. The load torque imbalance in motors has been one of the main problems of these systems because
of feeding the motors by a single inverter. Some control methods have also been proposed in this field and studies
are ongoing. This paper deals with an effective Model Predictive Control (MPC) method for the design of speed and
current controllers in MIDP motors. Pontryagin’s Maximum Principle and the Lagrange method are used in
designing the current and speed controllers respectively. The current controller generates control signals as linear-
parametric functions through the offline solving of the quadratic-linear cost function. Instead of using conventional
P1 controllers in the speed control loop, speed controllers are designed based on the regulating Kinetic energy of
motors. After driving and simplifying the mathematical equations, the proposed method is simulated. Simulation
results are compared with Finite Control Set-MPC. These results validate the prompt and accurate performance of
proposed controllers in transient and steady states.
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1. Introduction

Attempt to control two motors fed by a single converter goes back to the time when researchers tried using an inverter for
feeding motors that are installed on each wheelset and even each bogie of the power trains. Subsequently, the Mono-Inverter
Dual-Parallel (MIDP) systems were introduced to be applied in high inertia devices with slow speed changes. The year 1977,
namely [1], can be marked as the beginning of researches in this field, and now they are being applied in both industrial and
traction applications. Figure 1 illustrates the advantage of the MIDP system over the systems where their motors are fed by a
separate inverter. As can be seen, the MIDP motors utilize the integrated controller as well as reduce the weight, volume,
power electronic devices, and drive cost. Based on studies done so far, the motor drives in the MIDP systems can be

categorized into two groups including weighting-based control and model-based control.
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There are two approaches in the weighting-based control. The first is the averaged vector control of motors [2-6]. There are
problems with this approach such as severe and long fluctuations in the current waveforms and dependency of the calculated

commands on the motor type.
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The Master-Slave (MS) method is the second approach in which the elimination of fluctuations and maintaining stable
performance of motors are the main concerns [7-10]. The method of reduced-order feedback linearization has been used on
independent torque control in the MIDP system [11]. Although the designed controller could hardly control the system at the
singular point, it could handle the MIDP system under conditions of severe unequal load torques. The methods mentioned
above are based on Field-Oriented Control (FOC) method. The Direct Torque Control (DTC) method was used on the MIDP
system [12]. Despite it could introduce a new switching lookup table; the complexity in selecting the appropriate voltage
vectors from the switching lookup table is one of its drawbacks in the MIDP method. Reference [13] has also presented a
DTC method based on the mean control pattern where the lookup table is just used for induction motors. With the advent of
powerful microcontrollers, the Model Predictive Control (MPC) method was used in electrical motor drives [14]. Typically,
there are two general approaches to controlling the MIDP system using the MPC method. The first approach, called Finite
Control Set Model Predictive Control (FCS-MPC), was applied on two PMSM motors and two induction motors in [15-17]
and [18-20], 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[21]. Certainly, the lowest value of the cost function is not obtained by six control signals specially in the
transient state. Hence, the Seek and Split Predictive Torque Control (SS-PTC) method used a large number of voltage space
vectors [22]. Depending on the present position of the voltage vector, the SS-PTC searches two adjacent sections of the six
sections to find the voltage vector that minimizes the cost function. In addition to the fact that the voltage vector that
minimizes the cost function may not be in the mentioned sections because of the condition of the motors, it also takes a long
time to obtain the desired voltage vector because of frequently checking the cost function. 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 the control signal determination process. The second approach, with better performance than FCS-MPC, is the
Continues Control Set Model Predictive Control (CCS-MPC) method [23]. Perhaps the pioneer of CCS-MPC is the Optimal
Torque Predictive Control method [24, 25]. Severe fluctuations in the transient state and tendency of the cost function to a
non-zero value are among the problems in this research. Reference [26] used the system constraints 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. According to the background provided, further
studies are needed to introduce a method to obtain optimal control signals for MIDP systems.

This paper presents a comprehensive analytical effective method for designing the current controller that could be used in a
single PMSM motor or dual-parallel PMSM motors. The transient and steady states of the motors are also considered in
designing the controller. In addition, the necessary and sufficient conditions are considered for the controllability of the
system at any given time. Since the designed current controller is based on Pontryagin’s Maximum Principle, the obtained
control signals are linear-parametric functions of the state variables. An effective speed controller is also introduced based on
the nominal power and Kinetic energy of the motors. By observing the present kinetic energy of the motors and comparing
this energy with the amount of kinetic energy at the reference speed, the control signals of the speed loop are adjusted. The
produced control signals in both controllers have a closed analytical form of state variables. Thus, the proposed drive
technique saves significant computing time and processing memory. This paper 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 check the validity of the proposed method
and its capability in transient conditions, two low-inertial permanent magnet synchronous motors are considered. In the
second part, the design method of the speed and current controllers is introduced, and the necessary and sufficient condition
for generating control signals is examined. Then, the sensitivity of the designed controllers will be investigated to unwanted
changes in the electrical parameters of the motors. In the next section, the simulation results of the proposed controllers along
with their analysis are presented and compared with the FCS-MPC. Finally, a conclusion is presented.

2. Drive Structure of MIDP System
Figure 2 shows the cascade structure of the MIDP system with PMSM motors. Instead of a conventional PI controller, the

outer loop is a speed controller that generates control signals (qu) based on Energy-based Predictive Control (EPC) of motors.
This loop also contains two observers that are estimated the load torque of the motors. The inner loop is a current controller
that generates theV,, control signals in a very short time based on the Predictive Current Control (PCC). According to the

generated control signals in the inner loop, the inverter gate signals are issued by the Space Vector Modulation (SVM)
method to generate three-phase voltages for parallel motors. It should be noted that the commands of the component-flux
currents are set to zero. Indeed, the magnetic flux of each motor is placed on the d-axis of its coordinate system so that each
motor is controlled in the FOC method.

2.1. Modelling of two PMSM Motors in MIDP System
The MIDP system propulsion is supplied via two identical surface-mounted PMSM motors, whose electrical equations can be
found in the rotor reference frame [27, 28]. Figure 3 shows the rotating dq rotor frame of each motor in the stationary frame
and in the unequal load torque conditions. Since the proposed method is generally based on the FOC method, the rotor

magnetic flux of each motor (y; = ‘\I’f 1‘ = “I’fz‘) is located on its d-axis reference system. Certainly, the dq coordinate system

of the inverter could not match the coordinate system of the motors in unequal load torques. Therefore, the electrical



equations of the second motor are transferred to the coordinate system of the first motor. Equation 1 has been employed to
transfer the electrical equations of the second motor.

o {cos(&') —sin(@')} .

= Y .l 0=0,-6 1
sin(&’) COS(@') qds2 7 rl r2 ( )

qds2 —

2

where Y, is the voltage or current vector of the second motor in the first motor dq coordinate system, and Y, is the voltage
or current vector of the second motor in its own dq coordinate system. The electrical angle displacements of the motors are
6.,and 6,,, respectively. It should be noted that the electrical angle difference, &', is not zero in unequal load torque
conditions, and its value depends on unbalancing in the load torques. Since this electrical angle is a stability criterion of the

PMSMs, this angle should not exceed % degrees. The electrical equations of both motors in the dq coordinate system of the

first motor are as follows:
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According to the electrical equations of the first motor, the compact form of the electrical equations of both motors can be
written as follows:

X*(t)=f(X(t).0(t).t)=A, X (t)+B,O(t)+ D, (t);
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where y,, can be found in Appendix. Since both motors are fed by a three-phase inverter, the vector of control signals is 2x1.

Therefore, it could assume that V=V, =V, and V=V =V, .

3. Designing the Outer Loop Controller of the MIDP System

This section deals with the design of the outer loop controller that is regulated the speed of the motors by f;;l and f;;z.

Indeed, the control signals of the I ¢, and f;;z , known as the torque-component currents, are the command signals of the inner
loop. In the following, the design of each of them is explained.

3.1. 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 torque-component currents in the inner loop. Accordingly, the performance
index is defined as follows:
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where the X (t) state vector contains the angular accelerations (a)', (t)) and the Kinetic energies (fk (t)) . The total inertia
moment of the load and motor is J,, and st(t) is the deterministic positive weighting matrix. By replacing the state and

reference vectors in the performance index and minimizing the integral cost function relative to the motor speed slopes,
Equation 5 is obtained.
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The reference and electrical angular speeds of the motors at t, are @, ,@,, o, (1), @, (t), respectively. Elements of the

Q,,(t) weighting matrix can be selected based on the kinetic energy required by the motors to track the speed command or
change the speed feedback. If the electrical energy required to change the speed in At period is expressed as follows:
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where At is assumed smaller than the electrical time constant of motors and the load torque is assumed constant in this period.
Since this energy leads to a speed change in the At period, it can be equated with the Kinetic energy required to change speed.
The result of this selection is as follows:
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Elements of the Q,, (t) weight matrix are obtained by comparing Equation 5 with Equation 7 as follows:
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By choosing an arbitrary value for stzz and QSWM, to keep the matrix st(t)as positive deterministic, and using the
mechanical equation of PMSM motors, the commands of the torque-component currents are as follows:
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where T, (t) is the load torque of the kth motor at t,. The T, (t) equation can be written, using the backward Euler
approximation, as follows [29]:
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To increase the accuracy of the calculated value, the value of load torque is set equal to the average of the last 10 samples.
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 Cbrk is issued, the kinetic energy difference appears. If the energy flowed 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 9 suggests when the speed changes of each motor are in such a way that each of the Iqsl( )and Iqsz( )

commands exceeds the nominal current limits, the nominal current value of the motors must replace with the calculated
command. It is necessary to mention that this controller can use in any electrical smooth-pole motor.

4. Designing Inner Loop Controller Based on Pontryagin’s Maximum Principle
The inner loop control variables are adjusted through the MPC method. Since adjusting four control variables is complicated
with two control signals, and the control variable dynamics is also being fast in the inner loop relative to the other loop, these
make complicate the solving of the cost function. Therefore, the design of the controller according to Pontryagin’s Maximum
Principle (PMP) is proposed. To bring the system with Equation 3 to the desired conditions, the performance index of the
MPC problem is considered as follows:
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whereQ =0,Q, 20 and R >0 are weighting matrices to be selected, X is the reference state vector, X is the optimal value

of the state vector, t, is the end of the predictive horizon, and X (t, ) is the state vector att, . For solving Equation 10, the

Pontryagin’s function is written as follows [30-33]:
H=Z(X (1) X )47 () F(X(1).0(1).)); (11)

where w(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 Equation 14. Based on the PMP, necessary conditions for optimality are X( )—Z—H,yx(t):-g—;{ and %=0 .
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The linear equation of the controlled system and the necessary conditions of optimality make it possible to write the
differential equations as follows [34]:

X" (1)=A(X (1)) X (t)+BO(1)+D(X (t,).t);
v (1)=-Q(X (1) X )-AT (X () (1);
X \

(12)
After using the forward Euler method to approximate the left side of Equation 12, 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, l//(t-) can be written as follows:
w(t)=AX(t)+8,0,+D" (13)
where 6, is the reference vector of the control signals in sampling period. The calculations related to the coefficients A’,,Bu

and D, can also be found in the appendix. Thus, having y/(t, ) the control signals are obtained as follows:

v
O(t)=a(t) X (t)+4(4)0,+o(t);
a(t)=R BTAV B(t)=R BTB" (14)
5(.)—-R BTD"
As it can be seen in Equation 14, the control signals are obtained as linear-parametric functions from the measurable state
variables. As a result, the computing time of the control signals reduces significantly.

4.1. Designing Current Controller in MIDP System with Two PMSM Motors
According to the controller design process, the required vectors and matrices are defined as follow:
XO=[15:(0) 150 150 150]
X=[Ta(t) T5(t) () T50)]
R, O

o(t)=[Vq (1) Vi (t)]T; R:[ o R };R11 =R,,;

22
The elements of the R diagonal matrix must be considered equal in order to prevent prejudging the control signals. The Q and

Q; are the 4x4 diagonal matrices of the deterministic positive. After defining the required vectors and matrices, the control

signals can be calculated by having A’VBV’, and D,/', matrices in Equation 14. Based on the obtained relationships for them, the
matrices are as follows:
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Each of the cofactors can be found in the appendix. Notice that all the obtained matrices will be fixed matrices once the MIDP
motors have been specified and the weighting matrices have been selected. As a result, by performing simple calculations and
time, a, B, and & are obtained as functions of the speed and position of the motors. Indeed, if one pays
attention to Equation 14, a, 3, and & are obtained by using 104 multiplication operators and 132 addition operators. Although
the generation process of control signals by Equation 14 is fast and easy, the controllability of the inner loop depends on the
availability of the A} and B, matrices at each sampling time. Therefore, the denominator in these matrices must be opposite

spending a short

to zero. By instituting the parameters, the denominator expression becomes as follows:
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When the u value is chosen negative, the second statement of the denominator expression is positive value. Therefore, the
denominator expression will be positive and non-zero. According toy:(rs/L—]/rp), it is assumed that the 7, value is
definitely smaller than the electrical time constant of the motors.

5. 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. 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. The specifications of the SVM modulation
inverter used are listed in Table 2. Based on section 4, the internal and external loop controller values should be determined.
In the design of the inner loop controller, the value 7 =0.125x10"and the weighting matrices are selected as follows:

280 0 00 15 0 00
|0 500 00 | [0 8 00
"I oo 280 0] T|oo0 15 0}
00 0 5800 00 0 8
R=| L
01

In EPC speed controller, At = 0.0118 and the sampling frequency of the motor feedback signals is assumed to be 25 ,

5.1. Comparison between the presented method and the FCS-MPC
According to Figure 4, the outer loop of FCS-MPC structure uses conventional PI controllers and the cost function according
to Equation 16 is evaluated by six control signals in the inner loop.

CF = Ming[K% J 2} (16)

where [ 4 are the reference control signals obtained from Equation 9 and fds =0. This method is characterized by the
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simplicity of the design process, no need for voltage modulators, online optimization, variable switching frequency and the
inclusion of system constraints. To produce control signals must also be performed 342 multiplication and 168 addition
operations. However, with six voltage vectors, the comprehensive minimum value of the cost function cannot be obtained. In
what follows, the performance of the FCS-MPC method and the proposed method are compared in diverse control modes.

5.1.1.  Startup stage

Motors are started up with nominal speed and 50% of nominal speed. In this strategy, the load torque of the first motor is
always in the nominal value, but the load torque of the second motor varies between the nominal value and 70% of the
nominal value. Figure 5a to 5d are related to proposed method so that both motors have nominal torque in Figure 5a and
Figure 5c, but the second motor, Figure 5b and Figure 5d, has 70% of first motor torque. In the same order, Figure 5e to 5h
are related to FCS-MPC. The result obtained in Figure 5 shows that the proposed method in all starting modes has been able
to reach the speed of the motors to the reference speed in less settling time and lower speed ripple than the FCS-MPC and
even without offset error. Comparing Figure 5b with 5F illustrates that the FCS-MPC method controls only one motor in
start-up mode and has no control over the other motor, while the proposed MPC is able to handle both motors in this stage.
Another prominent feature of the proposed method is the relative independence of the settling time from changes in the speed
and load torque commands. As can be seen, the settling time in Figures 5a to 5d is around 0.025 seconds, while this time
varies in Figures 5e to 5h for the FCS-MPC method.

5.1.2 Diverse operating conditions
Figure 6a illustrates the speed command and the load torques as per unit. The rated values of the motors are selected as the
base values. The motors operate at 50 percent of the rated speed and 70 percent of the rated load torques under balanced
loading conditions. In 0.05 seconds, the mechanical loads are unbalanced so that the load torque of the first motor changes to
the nominal value, and the load torque of the second motor changes to 40% of the nominal torque. In 0.15 seconds, the speed
command reaches the nominal value with the rate of 25 per unit per second in unbalanced load conditions of motors. Then, it
decreases abruptly to 1000 r.p.m (33% of the rated value) in 0.3 seconds. At last, the speed command and the second motor
load torque change in step to their rated values in 0.4 seconds. Figure 6a shows the performance of both methods in tracking
the reference speed. As seen in Figure 6b in 0.05 seconds, the proposed method has been able to pass the transient state in a
short period with low fluctuations and to track the reference speed well in the steady-state without occurrence pendulum
mode. However, in Figure 6c¢, the motors controlled by the FCS-MPC method have been able to track the reference speed by
fluctuating. Even the damping rate of the fluctuations is so low that they are also seen in tracking the reference speed with a
constant slope. As a result, when the unbalancing in load torques has been reached 0.6 per unit, the proposed method can
control both motors agreeably than the other method. The torque waveforms also confirm that the torque ripple in the



proposed method is much lower than the FCS-MPC method in this interval (Figure 7). The control performance of both
methods is suitable in tracking reference speed at the second strategy (from 0.15 to 0.3 seconds).

The remarkable feature of the proposed control method is visible in 0.3 seconds. The speed command of the motors is
suddenly reduced to 33.3% of the rated value while the load torques are unequal. The approach of any control method in such
conditions is to use the braking torque to reduce speed. The speed waveforms in the proposed method have tracked the new
speed command in transient and steady states without fluctuation, and the torque waveforms without overshoot have returned
to their previous values after the breaking stage (Figure 6b and 8a). However, the FCS-MPC method has not operated
acceptably at this stage because the speed of the motors had a considerable deviation (over than 800 rpm) from the command
speed in the transient state, and the torque waveforms have returned to their previous values with a significant overshoot. The
speed waveforms in a steady-state are also accompanied by severe fluctuations, which may cause instability in the control
process (Figure 6¢ and 8b). Regarding the dynamic performance of the 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 Figure 6b,
when the speed decreases, the braking torque also decreases. Similarly, when the electromagnetic torques are equal to the load
torques, the speed of the motors reaches the reference value with no fluctuation in the electromagnetic torques (Figure 7a).
The controller behaves in such a way that the transient state passes and reaches a stable value without any fluctuations in
speed and torque. By applying the rated load torques to the motors and issuing the rated speed command in the last section of
the control strategy, both methods have a good performance in tracking the speed and controlling load torques. However, the
torque and current waveforms in the FCS-MPC method have more ripple than the proposed method. A comparison of the
torque waveforms in Figures 8a and 8b shows that the torque ripple is less in the proposed method than the FCS-MPC
method.

The current waveform of the motors confirms the existence of more ripples in the FCS-MPC method than the proposed
method (Figure 8). As can be seen, Figure 8b has more noise than Figure 8a in both balanced and unbalanced load conditions.
To compare the amount of the produced ripple on two methods, Figure 9 shows the harmonic profiles of the phase-a currents
of the motors. The current harmonic profiles are obtained while the motors are rotating at quarter of rated speed as well as the
first motor is at rated load torque and the second motor is at 70% of rated load torque. According to the harmonic profile, the
current amplitude of the fundamental harmonic is almost the same on both methods. However, the THD of the motor currents
on the proposed method is approximately half THD on the FCS-MPC method.

5.1.3.  Comparing the cost function value in two methods

According to the strategy used in Figure 6, the cost function value is obtained by calculating Equation 16 in the proposed
MPC and FCS-MPC methods. As seen in Figure 10, the cost function values are approximately equal under balanced load
torque conditions, even at half the nominal speed. When the load torques of the MIDP system are unbalanced, the
performance of the FCS-MPC method is dependent on the speed command, so that the cost function value in this method
fluctuates at asynchronous speeds, and its value is about zero at synchronous speed. Also, the cost function value in this
method has increased significantly with a sudden decrease in speed in 0.03 seconds. As a result, no optimal control is applied
to the MIDP system. The cost function value in the proposed MPC method, unlike the FCS-MPC method, is about zero over
unbalanced torque conditions and is almost independent of the speed command. Even at 0.03 seconds, the small value of the
cost function indicates the realization of the optimal control process in the MIDP system. According to the results presented
in section 5.1, Table 3 compares the proposed method with the FCS-MPC method. As can be seen, fewer mathematical
operations, simultaneous control of two parallel motors, fixed switching frequency, and the optimal response of the torque,
current, and speed are among the advantages of the proposed method.

5.2. Impact of EPC on MIDP System

The speed controller depends on the system model and the mechanical equation of rotational motion. The system model term
actually refers to the motor torques that are just electromagnetic torque because of the equality stator inductances in smooth-
pole machines. Since the mechanical equation of rotational motion can use in any electric motor, the presented speed
controller can use in any smooth-pole electric machine. Despite this capability, EPC performance is compared with
conventional Pl controllers to perceive its impact on MIDP systems. Therefore, the two PI controllers in the outer loop of
Figure 2 are replaced by the EPC speed controller. Figure 11 shows the speed error of both controllers. The speed error
equation is as follows:

E,= ;o k=12 17)

Before 0.05 seconds, the motors had been rotating at nominal speed and nominal load torques. In 0.05 seconds, the load
torque of the second motor is reduced by 30%. At 0.1 seconds, the speed command is reduced by 50%, while motors have
unequal load torques. Comparing Figure 11a and Figure 12c illustrate the lower amplitude of speed error in the EPC
controller than the PI controller. The approximate equality of the speed error in Figure 11a indicates that the EPC controller
pays attention to the dynamics of both motors. However, the large difference in E,, amplitude in Figure 11c indicates that the
P1 controller pays attention to only one of the motors. In the speed change stage (Figure 11b and 11d), both speed controllers
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must brake to reduce speed. Therefore, 150 rpm speed error is a normal process. Although Figure 11b does not show the
speed overshot after braking, the overshot is approximately seen at about 50 rpm on both motors in Figure 11d. Comparing
the results of the two controllers indicates that both of them generally have the same response in steady-state, however, the
transient response of the EPC controller has much fewer speed fluctuations than the PI speed controller. As a result, the EPC
controller may be efficient in reducing the fatigue phenomena and in increasing the motor shaft life.

5.3. Stability and Sensitivity Evaluation of the Proposed Control Method

5.3.1.  The Stability Maintaining of the PMSM Motors
The stability maintaining of the electrical motors after the controllability is an important subject in the electrical motor drives.
The stability problem in induction motors that are previously used in the MIDP system is not so important because of having
the short-circuited rotor winding and the slip coefficient. However, the PMSM motors are more commonly used in the MIDP
systems today, and their stability maintenance is an important challenge in their use [35]. As mentioned in [36], the
eigenvalues of the system state matrix in steady-state could determine the stability status of the MIDP system with the PMSM
motors.
However, it is difficult to obtain the analytical expression of the eigenvalues. Therefore, the locus of the state matrix
eigenvalues is checked for the certain load torques relative to the left half of the Cartesian coordinate system. In [37], the
study of the angle difference between the two rotors in the two PMSMs was introduced as a criterion of stability.
According to this, the slope or the percentage of the load torque changes must be such that the angle difference among rotors
does not oscillate and does not exceed 90 degrees. In this section, the angle difference (') between the rotors is examined to
evaluate the stability. Two strategies have been applied in this subject that illustrated in Figure 12a and Figure 12b. As seen in
Figure 12c and Figure 12d, the electrical angle difference between the two rotors has remained constant in steady-state
conditions. Therefore, the stability of the PMSM motors is ensured in the range of load torque changes.

5.3.2  The Sensitivity Analysis of the Proposed Control Method
In a MIDP system, the parameters of both motors might be not identical because of inaccuracy in construction, temperature
effects, and operating conditions. Therefore, in Figure 13, the change effect of the stator resistor, inductance, and linkage flux
is considered on the performance of the designed controllers. In order to study sensitivity analysis, both motors are rotated at
rated speed, and the parameter values only in the first motor are changed step by step from -%25 to +%50. As illustrated in
Figure 13a and 15b, the designed controllers can correctly operate without considering the variation of R, (stator resistor) and

L, (stator inductance) even in unequal load torques. Figure 13c is also shown that the sensitivity of the controllers is very
insignificant when the flux linkage changes in range +%10.

6. Conclusion
Feeding two parallel motors with a single inverter can significantly reduce the volume, weight, and drive cost. Major
challenges confronted by the MIDP systems are:

e Occurring pendulum mode in the condition that the load torque of motors is unbalanced.

e Four control variables related to the current controller must be able to track their reference values with just two

control signals.
e The control signal in speed and current controllers should be calculated quickly due to the fast dynamics of the
motors.

This paper has introduced the kinetic energy-based speed controller as an alternative to conventional PI controllers. This
controller can considerably reduce the fluctuations caused by load torque imbalance. It has also been able to prevent
pendulum mode in the high imbalance of load torques. Since this controller is designed considering the motor's kinetic
energy, it does not impose excess energy on them in changing the speed command. As a result, it does not cause fluctuations
in motor speed that the shaft fatigue has appeared on motors.
On the other hand, the control signals in the current controller have a closed form so that the computational volume of its
control signals is less than the FCS-MPC method, which is known as the fastest method of the model predictive control. The
introduced current controller also evaluates the entire voltage space vector to produce control signals that lead to optimal
system performance.
The optimal performance of the proposed MPC is clearly observed by comparing its THD value and cost function to the FCS-
MPC method. Stability evaluation also confirmed that even in the severe imbalance of the load torques, the pendulum mode
does not occur in motors and the proposed controllers have high reliability. Finally, the sensitivity evaluation to changing
electrical parameters shows that if the unwanted change in parameters is less than 10%, the performance of the controllers
will still be efficient.
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Figures and Tables Captions

Figure 1. The drive structure of the multi-motor systems. (a) The control and feeding process of the motors separately. (b)
The drive structure of MIDP Motors.

Figure 2. 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.

Figure 3. The dq rotating reference frame of the PMSM motors in the stationary system.

Figure 4. FCS-MPS structure in MIDP system

Figure 5. Speeds in start-up mode. (a-d) Speeds in the proposed method. (e-h) Speeds in FCS-MPC.

Figure 6. The commands used in the MIDP system and the speed response of the motors. (a) An overview on change
procedures in speed command and load torque commands. (b) The speed performance of motors in proposed method. (c) The
speed performance of motors in FCS-MPC method.

Figure 7. The torque waveforms of motors. (a) the torque performance of motors in proposed method. (b) the torque
performance of motors in FCS-MPC method.

Figure 8. The phase-a current waveforms of motors. (a) I, of both motors on the proposed method. (b) I, of both motors on
the FCS-MPC method.

Figure 9. Harmonic profile of phase-a currents. (a) and (b) are the current harmonics in the first and second motors on the
proposed method, respectively. (c) and (d) are the current harmonics in the first and second motors on the FCS-MPC method,
respectively.

Figure 10. Comparison of the cost function value on two methods.

Figure 11. Speed error of motors in two states. (a) and (b) are speed errors in EPC method in load and speed change,
respectively. (c) and (d) are speed errors in conventional Pl method in load and speed change, respectively.

Figure 12. Two strategies related to the MIDP system stability. (a) and (b) Reference speed in blue, the firs motor load torque
in green, and the second motor load torque in red. (c) and (d) The electrical angle difference of the two rotors in degree.
Figure 13. The sensitivity of the proposed control method to change of the motor parameters. (a) Sensitivity controller to y/, .

(b) Sensitivity controller to R, . (c) Sensitivity controller to L, .

Table 1 PMSM motor parameters
Table 2 Three-phase inverter parameters
Table 3 Comparison of the proposed method to the FCS-MPC method.
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torque in green, and the second motor load torque in red. (c) and (d) The electrical angle difference of the two rotors in
degree.
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Figure 13. The sensitivity of the proposed control method to change of the motor parameters. (a) Sensitivity controller to
v, . (b) Sensitivity controller to R, .(c) Sensitivity controllerto L, .
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Tables:
Table 1 PMSM motor parameters

Motor Parameter Parameter Value
Nominal Power P. 400"t
Nominal Current e 2 89%
Total Number of Poles p 8

Stator Resistance r, 0.822
Stator Inductance L 3.66™
Permanent Magnet Flux v, 0.0734"
Nominal Speed N, 3000"™
Nominal Torque Toe 1.27Nm
Maximum Torque T 382N
Moment of Inertia J 0.0321x10 ke’
Friction Coefficient B, 0.6x1078 N-msee

Table 3 Comparison of the proposed method to the FCS-MPC method.

Proposed MPC FCS-MPC
Ml M 2 Ml M 2
Total Harmonic Distribution (THD) 4.22% 5.72% 8.78% 12.29%
Max Speed Deviation in Braking Process Up to 66.7% of ~ LessThan  LessThan ~ More Than ~ More Than
the Nominal Speed 80r.p.m 80r.p.m 800r.p.m 800r.p.m
Simultaneous control capability of Parallel Motors Able Unable
Switching Frequency Constant Variable
Voltage Modulator Necessary Not Necessary
Dependence of Settling Time on Commands at Start-Up Almost Independent Dependence
The Number of Multiplication and Addition Operators Multi Add Multi Add
in any Control Cycle 104 132 342 168
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Table 2 Three-phase inverter parameters

Inverter Parameter Parameter Value
DC Power Supply Ve 173
Switching Frequency fou gL+

On-Mode Switch Resistance Ros(on) 0.019°
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