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Abstract: The propulsion system for underwater vehicles, driven by a counter-rotating permanent
magnet synchronous motor (CRPMSM), can enhance the operational stability and efficiency of the
vehicle. Due to the influence of complex underwater flows, the load imbalance of CRPMSM'’s dual
counter-rotating rotors may lead to severe issues of dual-rotor desynchronization rotation. Combining
traditional vector control (VC) with master-slave control strategies can address the desynchronization
problem when CRPMSM'’s load changes. However, it results in significant speed fluctuations and
a long transition time during the transition from load disturbance to synchronous rotation. This
paper introduces a model predictive control (MPC) strategy to effectively resolve this issue. The
incremental MPC model is established based on the mathematical model of CRPMSM in the dg
coordinate system. The predictive control system forecasts the d- and g-axis components of stator
currents for the next four control cycles. It selects the optimal control increments to minimize the
cost function based on current predictions and different inverter voltage states. The obtained optimal
d- and g-axis components of stator voltage are used to control CRPMSM under unbalanced load
disturbances. Simulation results demonstrate that, compared to the VC strategy, CRPMSM utilizing
the MPC strategy exhibits better dynamic performance with faster speed response and reduced
torque fluctuations during load and speed variations.

Keywords: counter-rotating permanent magnet synchronous motor; model predictive control; under-
water vehicle; unbalanced load

1. Introduction

Ocean exploitation has become a strategic target for nations due to its abundant
mineral resources, biological resources, and energy resources. Advanced marine equipment
plays a crucial role in the exploration and utilization of these resources. Underwater vehicles
are particularly essential in deep-sea resource surveying and development. The streamlined
structures of underwater vehicles generate significant unidirectional rolling moments,
causing yawing during high-speed navigation. Using a single-propeller propulsion system
exacerbates this yawing, potentially leading to capsizing [1,2]. Employing a counter-
rotating propeller propulsion system composed of two coaxial counter-rotating propellers
generates opposite and canceling rotational torques, ensuring the stability of the vehicle.
Furthermore, the energy generated by the front propeller’s wake can be recovered and
utilized by the rear propeller, improving the efficiency of the propulsion system [3].

A counter-rotating permanent magnet synchronous motor (CRPMSM) can be regarded
as two PMSMs connected in series, offering advantages such as high power density and effi-
ciency, making it particularly suitable for driving the counter-rotating propellers. However,
the control strategy for CRPMSM with dual rotors is complex. CRPMSM is susceptible to
underwater flow disturbances, and the load torques of the two rotors may become imbal-
anced, resulting in issues like motor desynchronization and vehicle power loss. Therefore,
the investigation of control strategies for CRPMSM under unbalanced load conditions is of
significant practical importance.
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The control strategy for CRPMSM is similar to that of controlling multiple motors
using a single inverter [4-9]. Both traditional vector control (VC) and direct torque control
strategies involve closed-loop control of one rotor while the other rotor follows freely, which
can lead to desynchronization when the load of the two rotors becomes imbalanced. Based
on traditional VC, Cheng et al. proposed a closed-loop control strategy for dual rotors
that can achieve synchronous rotation [10]. However, it faces the problem of significant
speed fluctuations during the transition from load disturbance to equilibrium. Rao et al.
introduced torque-sharing control for dual rotors, allowing them to operate synchronously
under minor unbalanced loads [11]. Nevertheless, the operation of the motor under severe,
unbalanced load conditions is not investigated. Zhong et al. presented a dynamic master-
slave control strategy based on traditional VC, enabling CRPMSM to synchronize under
unbalanced loads [12]. However, it still exhibited significant speed fluctuations during
speed adjustment.

Traditional control strategies cannot guarantee the dynamic performance of the
CRPMSM. Researchers have proposed non-linear control methods such as sliding mode
control [13,14], robust control [15,16], and intelligent control [17,18] to improve the control
performance of CRPMSM. Luo et al. introduced an improved VC strategy with load torque
compensation to address the issue of significant speed fluctuations during CRPMSM speed
adjustment [19]. Luo et al. employed fuzzy torque control based on the torque-angle
phase difference of CRPMSM to improve speed and torque stability when the load is unbal-
anced [20]. The study of speed control for PMSM under sudden disturbance loads provides
theoretical references for CRPMSM control under unbalanced load conditions [21]. Zhang
et al. proposed disturbance observers and composite terminal sliding mode control into
PMSM speed control systems, reducing motor speed variations during sudden disturbance
loads [22].

By adopting the dynamic master-slave control strategy, CRPMSM can achieve syn-
chronous rotation of the two rotors under unbalanced loads, but it still exhibits significant
speed fluctuations during speed regulation. To address this issue, this paper proposes a
model predictive control (MPC) strategy based on dynamic master-slave control to reduce
speed fluctuations in CRPMSM under unbalanced loads. Firstly, the mathematical model
of CRPMSM is deduced from the dg coordinate system. Secondly, the dynamic master-slave
control strategy is employed to orient the rotor flux according to the quantitative relation-
ship between the load torque of dual rotors. Then, through model prediction, feedback
correction, and rolling optimization of the model, combined with dynamic master-slave
control, the paper achieves speed control of CRPMSM under unbalanced loads. Finally,
simulation models of CRPMSM with MPC and VC are established, respectively, to simulate
the speed, torque, and phase current of CRPMSM under various operating conditions.
Compared to traditional VC, the proposed method allows the two rotors to synchronize
their speed in a shorter time under load imbalance, resulting in smaller speed and torque
fluctuations for CRPMSM.

2. Mathematical Model of CRPMSM

The CRPMSM under study is an axial magnetic flux structure composed of two rotors
positioned on either side and a stator in the middle, as illustrated in Figure 1. The stator
core has an equal number of stator slots on both sides. By cross winding B-phase coil
and C-phase coil at both sides of stator slots, two sets of three-phase stator windings with
ABC-phase sequence at one side of the stator and ACB-phase sequence at another side are
obtained, respectively. Both rotors have a surface-mounted permanent magnet structure
with the same number of rotor pole pairs. When three-phase balanced AC currents are
applied to the stator winding, two rotating magnetic fields with opposite directions and
equal speeds are generated. The interaction between the armature magnetic field and
the adjacent PM magnetic field produces electromagnetic torques in opposite directions,
thereby driving the two rotors to counter-rotate.
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Figure 1. CRPMSM diagram. (a) CRPMSM structure. (b) CRPMSM with control diagram.

CRPMSM can be regarded as two PMSMs with identical parameters connected in
series, and the mathematical model can be derived from the mathematical model of PMSM.
Assuming that only one rotor of CRPMSM is rotating and considering the coupling rela-
tionship between this rotor and the stator, the mathematical model of CRPMSM can be
expressed using the mathematical model of PMSM. Rotor 1 and Rotor 2 represent the two
rotors of CRPMSM, and separate mathematical models for CRPMSM in the dq coordinate
system are established when considering the rotation of a single rotor.

The following assumptions are made in the establishment of the CRPMSM mathe-
matical model: (1) The saturation effect of both stator and rotor cores is ignored. (2) The
influence of temperature rise on stator resistance is neglected. (3) The magnetic fields
generated by the permanent magnet and armature winding in the air-gap are sinusoidal.
(4) The no-load back EMF induced by the armature winding is considered sinusoidal.

The stator voltage equations can be expressed as

, di .
ug = Rsigy + Ldlﬁ —wiLpin 1
dig
g1 = Reign + Ly —— T * o Layigr + w1¥r 2)
o digp -
Uz = Rsigp + LdzﬂT —walpip 3)
dig
g2 = Reigp + Lp—— T 2+ wrLgigy + w2y (4)

where 1,1, ug1, 141, and igy are the components of stator voltage and current on the d- and
g-axes of Rotor 1; uy, ug2, ig2, and igp are the components of stator voltage and current on
the d- and g-axes of Rotor 2; ¥4 and ¥, are the magnetic flux linkages of Rotor 1 and Rotor
2, and due to the symmetry of CRPMSM'’s two rotors, ‘I’ﬂ = ‘f’ﬂ = ‘Pf,' w1 and w, are the
electrical angular velocities of Rotor 1 and Rotor 2; and Ly1, Ly1, L2, and Lg; are the d- and
g-axis inductances on the rotor 1 and rotor 2 sides, with Ly = Ly and L1 = L.

The electromagnetic torque of the rotor can be expressed as

3 )
Ta = Sppin ®)
3 )
Ter = Spipip (6)
where T,, T, are the electromagnetic torques of Rotor 1 and Rotor 2; p is the number of

pole pairs.
The motion equation of two rotors can be expressed as

dw
1 dtl =Ta—Tn ()
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_do;
w1 = at (8)
dw
IZT: =T —Tp )
_do,
Wy = at (10)

where Ty 1, Ty are load torques of Rotor 1 and Rotor 2; 61, 8, are position angles of Rotor 1
and Rotor 2; J1, [, are moments of inertia of Rotor 1 and Rotor 2.

Furthermore, CRPMSM can be considered a series connection of two PMSMs with
identical parameters, and the current relationship between the two motors is expressed as

i = igp = ig (11)

i =ip =i (12)

The voltage relationship between the two motors is expressed as
Ug = Ugy + Uz (13)

uq = uq] + uqz (14)

Therefore, the mathematical model of CRPMSM with the consideration of dual rotor
rotation can be obtained. The stator voltage equations can be written as

, di .
1z = 2Ryig + 2Ldﬁ — Lyig(w; + wy) (15)

. di .
ug = 2Rsig + 2qu—f + Lgig(wr + wa) + ¢r(wr + wn) (16)

The electromagnetic torque can be written as

3 )
T =T = >P¥riq (17)

3. Master-Slave Control Strategy for CRPMSM

In an ideal scenario, the electromagnetic torque of both rotors of CRPMSM is equal to
the load torque. In this situation, when controlling CRPMSM using a single inverter with
the i; = 0 control method, the d-axis of the rotating coordinate system should be aligned
with the direction of the rotor magnetic flux. Orienting the d-axis to either ¥f or ¥,
and only one rotor needs to be closed-loop controlled to achieve dual rotor synchronous
rotation. Under these conditions, based on the motion equations of CRPMSM,, it can be
concluded that wy = wy = w, and 6 = 6, = 6. Figure 2 illustrates the phasor diagram of
CRPMSM when the load torques of both rotors are balanced. The magnetic fluxes ¥4 and
¥, of both rotors align with the d-axis direction, and the torque angles of both rotors satisfy
01 =09, =90°.

However, in practical situations, uncontrollable disturbances like ocean waves and
vortexing can lead to unequal load torques on both rotors, resulting in wy # w; and 61 # 05.
If the load torque Tr; on Rotor 1 is greater than T;, on Rotor 2, then the position angle 6,
of Rotor 1 is less than the position angle 8, of Rotor 2. Conversely, if Tr1 < Trp, then 61 > 6.
In such cases, if the d-axis is continuously oriented to either ‘Ffl or ‘Pﬂ during the control
process, it may lead to a desynchronization problem between the two rotors. Taking the
orientation to the direction of ¥ as an example, the stability of CRPMSM will be discussed
under two scenarios in cases of load imbalance: Ty > Tip and Tpq < Tpp.
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Figure 2. Phasor diagram of CRPMSM under balanced load.

(1) Thecaseof Ty1>Tr»

In this case, the phasor diagram of both rotors of CRPMSM is shown in Figure 3, where
¥ leads ¥y, and the torque angle J; of the motor is between 0° and 90°. According to
Equation (17), the electromagnetic torque of both rotors can be expressed as follows:

3 .
T = SP¥rig (18)

3 .
Tey = S prigsind (19)

Rotor 1
S
:j Rotor 2

Figure 3. Phasor diagram of CRPMSM in the case of Ty > Tp».

Since the d-axis of the rotating dgq coordinate is oriented to ‘Ffl, Rotor 1 is under closed-
loop control, and the armature current of Rotor 2 is forced to be the same as that of Rotor 1.
When Rotor 1 stably rotates, T,; = T11. According to the motion equation of Rotor 2, the
position angle 6, of Rotor 2 increases as the load torque on Rotor 2 decreases, leading to
a decrease in the torque angle 6,. The electromagnetic torque T,, of Rotor 2 decreases as
0 decreases, and at this point, T, < Te1 and Te1 = T 1. Finally, as J, decreases further, T,,
gradually decreases until it reaches equilibrium with T}, again, achieving synchronous
rotation of both rotors of the CRPMSM when the load is unbalanced.

(2) Thecaseof Tr1 <Tp»

In this case, ¥, lags behind ¥, and the torque angle &, of Rotor 2 is greater than 90°,
as the phasor diagram of both rotors of CRPMSM is shown in Figure 4. The electromagnetic
torque equations for both rotors can still be expressed as Equations (18) and (19). When
Rotor 1 stably rotates, it satisfies that T, = T11. According to the motion equation of Rotor
2, as the load torque on Rotor 2 increases, the position angle 6, of Rotor 2 and the torque
angle 4, both increase, causing a decrease in the electromagnetic torque T,. At this point,



J. Mar. Sci. Eng. 2024, 12, 330

6 of 18

Ter < Trp, and T,y cannot reach equilibrium with T, making it impossible for both rotors
of CRPMSM to synchronize when the load is unbalanced.

Y

A i

1

Rotor 2 7
S

02>90°

Rotor 1

Figure 4. Phasor diagram of CRPMSM in the case of Tr1 < Tp;.

It can be found that if a certain rotor flux is always selected as the d-axis orientation for
both rotors during the CRPMSM control process, the problem of dual rotors out of step may
occur when the load is unbalanced. To address this issue, when T} 1 < T}, it is advisable to
orient the d-axis to ¥r instead of ¥, as shown in Figure 5. In this case, J; equals 90°, and
01 is less than 90°. The torque equations for two rotors can be expressed as follows:

3 oo
T = Eplpflq sin 1 (20)

3 )
Te = Epl/Jflq (21)

Figure 5. Reoriented phasor diagram of CRPMSM in the case of Ty < Tp».

When Rotor 2 stably rotates, it satisfies that T,, = T . Based on the motion equation
and electromagnetic torque equation of Rotor 1, the position angle 6, of Rotor 1 increases as
T11 decreases, and the torque angle 6, decreases. Electromagnetic torque T, also decreases
until it reaches equilibrium with T7; again, allowing CRPMSM to achieve synchronous
rotation of both rotors when the load is unbalanced.

Therefore, during the control process of CRPMSM, the rotor flux should be dynami-
cally oriented according to the magnitudes of the load torques of both rotors. Specifically,
the d-axis in vector control is dynamically aligned to the rotor flux with the larger load
torque, which is regarded as the master rotor, while another one is regarded as the slave ro-
tor. The rotor with the larger load torque will have a smaller rotor position angle. Therefore,
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the load variations of both rotors can be monitored in real-time by resolvers to determine
the master rotor and the slave rotor, thereby achieving coordination control of CRPMSM.

4. Model Predictive Control for CRPMSM

MPC utilizes the current state information of the system as the state variables of the
predictive model and the seven inverter switching vectors as the control input variables
of the predictive model. The outputs are calculated using the predictive model, while the
predictive model is corrected based on the difference between the system output values and
the predicted values. Therefore, the predictive results are used to select the optimal voltage
vector that best approximates the actual output compared to the predicted output. The
model predictive control strategy for CRPMSM is elaborated on in the following section.

4.1. Model Predictive Control Strategy for CRPMSM

The dg-axis currents are used as the state variables for the CRPMSM predictive control
system. According to the mathematical model of CRPMSM, it can be derived as

dig _ (@ilptwlp),  oR o1

at = Ly +La 17 Tp+Llpd T Ty+lpd 22)
dig _ _(@ilptwsly); 2R ;o 1, @i¥pt@alp

dat Lq1+L,12 d Lq1+Lq2 q Lq1+Lq2 q L41+Lq2

The output equation of the system is as follows:

-6 90

where v, y, are the output variables on the d- and g-axis.

The MPC system is an optimization system that calculates in a sequential manner
within control cycles, and operates as a discrete-time system. Therefore, a first-order Euler
discretization is applied to Equation (22) and can be obtained as

ig(k+1) } { iq (k) } [ q(k) ] 0
. =A| . +B — | i (&t (K, | T (24)
{ ig(k+1) iq(k) ug (k) JaEila £ e DA L{71+Lq2 2
where
2R, wy (k)Lg1+wa (k) Ly T
o e T S P o
w: w s 7 7
—ralppgeliie 1o T2 0 o

T is the control cycle, and iy(k + 1) and i4(k + 1) represent the predicted values of the
d-axis and g-axis components of stator currents at time k + 1.
The discrete output equation of the system is as follows:

k) 1 0] [ig(k)
o~ - 1 :
w0 =[] = Lo 3 ite @)
where y;(k) and y, (k) are the d-axis and g-axis output values of the system at time k, respectively.
Due to the significantly smaller electrical time constant compared to the mechanical
time constant of the CRPMSM control system, it can be assumed that CRPMSM speed
remains constant over multiple control cycles (i.e., w1 (k) = w1 (k + 1) and wy(k) = wy(k + 1)).

Using Equations (24) and (25), the CRPMSM incremental predictive model can be repre-
sented as shown in Equations (26) and (27).

28] o) o]
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] b L] =)

where
{Aid(k) = ig(k) —
Aig(k) = ig(k) —
Considering the computational load and response time of the CRPMSM control sys-
tem, it is essential to determine the applicable sampling period while meeting control
requirements. Therefore, selecting the appropriate prediction horizon p and control horizon
m is crucial. The control process of CRPMSM involves four stages: the inverter generates
voltage vectors, the voltage vectors are applied to the control system to obtain control
variables, the control variables along with the currents are inputted into the prediction
model to produce predicted currents, and the predicted currents are applied to CRPMSM
to follow the set speed. The optimal voltage vector obtained in the k-th control cycle acts
on the system, and the speed information of the CRPMSM corresponding to this voltage
vector can only be obtained in the k + 4th control cycle. Therefore, the minimum prediction
horizon in this study is set to 4, with a prediction horizon p and a control horizon m both
equal to 4 for the controller.
Based on Equations (26) and (27), the predicted outputs for the next four control cycles
can be calculated as follows:

ig(k—1) {Aud(k) = ug(k) —ug(k—1)
ik —1) " \ug(k) = iy () — g (k — 1)

y(k+1k) Au(k)
y(k+2k) | Aig(k) Au(k+1)
y(k+3k) | = MBSt ap )] 50| auk 4 2) (28)
y(k +4/k) Au(k +3)
where
I CA 1 T CB, 0 0 0 7
2 , 2 ,
Y CA Y, CAI-1B, CB. 0 0 Moy
g = 121 ' S 131 ‘ ) M= M2><2
"7l cAl|" " T | L CAFIB, ¥ CATIB, CBy 0| Moo |’
ljl . l;l ‘ lzl » ‘ ]\/I2><2
Y. CA! Y. CA"1B, Y. CA"'B, Y CA"1B, CB,
Li=1 - Li=1 i=1 i=1 -

k + ik represents the prediction from time k to k + i, with i taking values 1, 2, 3, and 4;
and M is the ratio of the output values at time k to time k—1.

The cost function constructed in this study is expressed as Equation (29). The first
term of the cost function aims to stabilize the stator currents to their expected values, while
the second term limits control increments to prevent excessive voltage fluctuations.

= XY {Talyteer i =tk ] 8 S r i) @)

i=1j=1 i=1j=1

where n, and 1, denote the maximum prediction lengths for model predictive output and
control input, respectively; r;(k + i) represents the expected output value of the dg-axis
current; Au]-(k + i—1) represents the control increment at time k + i—1; and l"y]-,i and Fuj,i are
the weighted coefficients for the j-th prediction control output error and the j-th component
of the control increment, respectively.

According to Equation (30), the optimal solutions Auy' (k) and Au,f(k) to minimize the
cost function can be obtained. By initializing the state and control variables to 0 and iteratively
calculating u,(k) and u4(k) as in Equation (31), they are applied to CRPMSM control.

9]
oAu(k)

=0 (30)
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ug(k) = Dug(k) +ug(k —1)
{ u:(k) = Au:(k) +u:(k—1) (31)

4.2. Implementation of MPC for CRPMSM

The flowchart of the MPC strategy for CRPMSM is depicted in Figure 6. The estab-
lished block diagram of the MPC system for CRPMSM is illustrated in Figure 7. The control
system employs the i; = 0 control method and retains the speed proportional-integral
(PI) controller. The predictive model and cost function constitute the model prediction
controller, which replaces the traditional PI current loop in the VC strategy. The variables
with asterisk represent reference values.

Collect input information for the prediction model Selecte the optimal switch sequence

| Collect the rotor position angles 6z and 62 |

!

Determine the master rotor to closed-loop control

Collect and calculate i4, ig, 4, 1tg, w1, @2 of
CRPMSM at k time

The optimal stator voltage is applied
to CRPMSM

Predict ig, i for the next four control cycles
I

Prediction model

Figure 6. Flow chart of MPC strategy.

+
s "‘ ug T

-4 iy =0——1 Model prediction Park inverse SVPWM | 3-phase inverter
controller transformation

A

» l%

»
q T

>
»
>
»

u,

v

Park transformation

A

Clark transformation

A A A

A

Selector ) Yy—X

h { j_ ﬂ_ «— Comparator [ 9 | Calculation Qtjdual« Resolver 1 CRPMSM
'| 49—2|' rotors position
< angles and angular
)_ l— @1 velocity 4= Resolver 2
w L <

Wy

Figure 7. Block diagram of MPC system for CRPMSM.

The position angles of two rotors 6; and 0, are measured and then used to determine
the master rotor to orient the rotor flux linkage, according to the master-slave control
strategy in Section 3. Stator currents and voltages in the ABC coordinate system are
measured with sensors and transformed into iy, 15, 44 and ug4 in the d, g-axis coordinates.
The predicted i; and i, for the next control cycles can be obtained by the established predict
model, as expressed in Equation (24). Current increments of i; and i, are substituted
into Equation (29) to evaluate the cost functions of seven different voltage vectors. The
voltage vectors that minimize the cost function are selected. Finally, the inverter switching
sequence associated with the optimal voltage vector is used to generate the required stator
three-phase voltage and is applied to realize the control of CRPMSM.



J. Mar. Sci. Eng. 2024, 12, 330

10 of 18

5. Simulation Models for CRPMSM Control System
5.1. Simulation Model of CRPMSM

The simulation model for CRPMSM is illustrated in Figure 8. Input terminals 1 and 2
represent the load torques for rotor 1 and rotor 2 of CRPMSM. Input terminals 3, 4, and 5
correspond to the stator’s three-phase voltages. Output terminal 1 represents the stator’s
three-phase currents, while output terminals 2 and 3 represent the speeds of rotor 1 and
rotor 2. Output terminals 4 and 5 correspond to the electromagnetic torques of rotor 1 and
rotor 2.

@ ua Ua —P Ua

1A id P 1d i 61 14
@D; 0] u 1 T
F . :
1B ity ia 1B
= N g —
(5 ) uc Uq i
Iq

Clark trans. | Park trans. w
— Current calculation| Current trans.
Py (1 1 >| K ;C 2 )
T Tea n1
81 w1 ’—,7
w1 | —»Tn @)
G Te2 61 To (@) J
»> n2

Motion equation 1 ’

1A, 18 1c

Torque calculation

@ Ta g

T

Motion equation 2

"D
Te
(@D; -
Tu® @
el

Figure 8. Simulation model of CRPMSM.

Using Clark and Park transformations, d-axis and g-axis voltage components can
be obtained from the stator three-phase voltage applied to the CRPMSM. The angular
velocities of two rotors, w,1 and w,y, can be measured by resolvers. Combining with
d, g-axis inductance, stator resistance, and PM flux linkage, and hence d-axis and g-axis
currents can be obtained through the current calculation module, according to Equation
(22). The stator three-phase currents are obtained from iy, 75, and the rotor position angles ¢
using a 2r/3s current transformation module. The electromagnetic torque of two rotors is
calculated by ig, 61 and 6 through the torque calculation module. Combining with the load
torque used as the input of the motion equation module, the mechanical angular velocity
wm1 and wmy of two rotors are obtained, respectively, and converted into rotor speeds 1
and n,.

CRPMSMs require the real-time measurement of rotor position during operation, and
the accuracy of measured rotor position has a significant effect on the performance of
the motor system. The resolvers are used to measure the rotor positions in this study,
which have the advantages of favorable environmental adaptability, fast response, and high
reliability. The electromagnetic design, manufacturing process, and mechanical installation
should be carefully considered in the design and employment of resolvers, which will
cause errors in the measured rotor position.

5.2. Simulation Model of MPC Module

The simulation model of the MPC module is illustrated in Figure 9. It establishes the
relationship between speed and g-axis current through the speed outer loop to obtain the
g-axis current reference value iq*. The iy = 0 control strategy is employed, and therefore
the d-axis current reference value i;" is set as 0. The MPC module is implemented through
programming. Firstly, seven inverter voltage vectors and the corresponding switching
sequences are defined. Secondly, the inverter voltage vectors are converted into dg-axis
voltage components. And then dg-axis currents and electrical angular velocity w are



J. Mar. Sci. Eng. 2024, 12, 330

11 0f 18

collected from the master-slave control module. The dg-axis currents for the next four
control cycles are calculated using the predictive model. Finally, seven cost functions are
computed, and the inverter switching sequence (S4, Sp, S¢) that minimizes the cost function
is selected. The switching sequence outputted by the MPC module undergoes space vector
pulse width modulation (SVPWM) to generate the required stator’s three-phase voltages,
which serve as inputs to the CRPMSM module.

ia iz ic

)

T’ Tia

MPC

Uae

Uae

PWM

uc

e 18

P uc

SVPWM

ni
5 T’ »Ti> e ‘ D

)

]

J

CRPMSM

Figure 9. Simulation model of MPC module.

5.3. Simulation Model of Master-Slave Control Module

The electrical angular velocity w and position angle 8 are acquired from the master-
slave control module, which is integrated within the CRPMSM module, and then w and 6
are transferred to the MPC module. The master-slave control module is shown in Figure 10.

61

(@D

mod

61

mod

Diff

Diff

w1

w1 )
@ o
w2

Figure 10. Master-slave control module.

The position angle of the dual rotor is subtracted by 27t modulus, and then used to
generate the Diff signal through the hysteresis comparator. If Diff equals the upper output
limit of the hysteresis comparator, it indicates that 61 > 6,, and therefore Rotor 2 is selected
as the master rotor, i.e., 0 = 6, and w = w,. Conversely, if 61 < 6;, then the Rotor 1 is selected
as the master rotor, and it can be obtained that 8 = 8, and w = w1.

6. Simulation Results and Analysis

The simulations and analyses are carried out to validate the effectiveness of the pro-
posed MPC strategy for CRPMSM in scenarios involving balanced load variation, balanced
speed variation, and unbalanced load variation, comparing it with the VC strategy. MAT-
LAB/Simulink 2023 version is adopted to establish the model and realize the simulation of
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the control strategy. The control effects are assessed on CRPMSM'’s speed, electromagnetic
torque, and stator current under both MPC and VC strategies. The basic specifications of
CRPMSM are presented in Table 1. A three-phase inverter with a bus voltage of 300 V and
a switching frequency of 10 kHz is used as the power supply to simulate the CRPMSM
control system.

Table 1. Specifications of CRPMSM.

Item Value
Rated power 2 kW
Bus voltage 300 VDC
Rated current 1414 A
Rated frequency 33.33 Hz
Rated speed 500 r/min
Rated torque 20 N'‘m
Number of pole pairs 4
Outer diameter 180 mm
Inner diameter 114 mm
Stator resistance 1.68 Q)
d, g-axis inductance 6.7 mH
Flux Linkage 0.1836 Wb
Moments of inertia 0.062 kg~m2

The simulation model for CRPMSM with the VC strategy used for comparative analy-
sis is depicted in Figure 11. In the VC simulation model for CRPMSM, the g-axis voltage
reference value 1, is output based on the set speed through the speed and current control
loops. Similarly, adopting the iy = 0 control strategy, the d-axis voltage reference value
uy" is output based on the expected d-axis current through the current control loops. The
dg-axis voltage reference values and the rotor position angle 6 are input into the voltage
transformation module and SVPWM module to generate the stator’s three-phase voltage.
In contrast to the MPC simulation model, the VC simulation model for CRPMSM includes
not only a speed closed-loop but also two current closed-loops.

+ + <>
— (X —{ P (X Pl ———> >
® 'y . K Uy Park inverse | Y«
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=0 + transformation
s * -
'Y Uy T 5
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J - 0] velocity 4= Resolver 2
<
[0} L o,

Figure 11. VC simulation model for CRPMSM.

6.1. Constant Speed with Balanced Load Variation

Both rotors of CRPMSM start with a balanced load torque of 10 N-m and the set
speed is 300 r/min. At 0.2 s, the load torque for both rotors decreases to 5 N-m, and at
0.25 s, it returns to 10 N-m. The total simulation duration is 0.5 s. The speed response,
electromagnetic torque response, and stator current are simulated for the CRPMSM using
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the MPC strategy and the VC strategy, respectively, under the condition of balanced load
variation. The simulation results are shown in Figures 12-14.
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Figure 12. Speed response in the case of constant speed with balanced load variation. (a) MPC.
(b) VC.
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Figure 13. Electromagnetic torque response in the case of constant speed with balanced load variation.
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Figure 14. Current waveforms in the case of constant speed with balanced load variation. (a) MPC.
(b) VC.

In Figure 12, it can be observed that CRPMSM, when controlled by MPC and VC, takes
0.05 s and 0.15 s, respectively, to transition from startup to stable operation. When the load
balance changes, the speed ripples of CRPMSM under MPC and VC are 6.16% and 30.67%,
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respectively. The CRPMSM using the MPC strategy exhibits more stable speed during the
re-synchronization transition of both rotors compared to the VC strategy. Similarly, the
speed ripple of CRPMSM using MPC and VC after re-synchronization is 0.01% and 5.2%,
respectively, implying the superiority of the MPC strategy in speed control.

Figure 13 shows that the time required for the electromagnetic torque of CRPMSM to
reach the stable value of 10 N-m is 0.01 s for the MPC strategy and 0.05 s for the VC strategy.
The MPC strategy results in a faster dynamic response, as indicated by the faster stabilization
of electromagnetic torque both in the startup period and the re-synchronization transition.

Figure 14 shows the stator current waveforms of the CRPMSM in the case of constant
speed with balanced load variation, and Figure 15 shows the corresponding current spectra
analysis for the re-synchronization transition and after re-synchronization. It can be found
that during the re-synchronization transition, the stator currents decrease as the load
torque undergoes a reduction. Compared to the VC strategy, the harmonic contents of
stator current under the MPC strategy are much lower both during the period of re-
synchronization and after the re-synchronization. In the re-synchronization transition, the
harmonic content is higher than that after the synchronization for both the MPC strategy
and the VC strategy. The harmonic distortion of stator current is 1.3% under the MPC
strategy and 16.3% under the VC strategy in the re-synchronization transition, while it is
0.2% and 4.6% for the MPC strategy and VC strategy after re-synchronization, respectively.
The MPC strategy exhibits significantly reduced harmonic content in stator currents.
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Figure 15. Current spectra in the case of constant speed with balanced load variation. (a) In
re-synchronization transition for MPC. (b) In re-synchronization transition for VC. (c) After re-
synchronization for MPC. (d) After re-synchronization for VC.

6.2. Balanced Speed Variation with Load Unchanged

Both rotors of CRPMSM start with a balanced load torque of 10 N-m, and at 0.2 s, the
speed of CRPMSM increases from 300 r/min to 500 r/min. The speed, electromagnetic
torque, and stator current of CRPMSM controlled by MPC strategy and VC strategy during
speed changes are shown in Figures 16-18. Figure 16 indicates that CRPMSM takes 0.05 s
and 0.15 s for MPC strategy and VC strategy, respectively, to elevate the motor speed from
0 r/min to the given speed. The MPC strategy achieves stable operation in less time and
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with smoother speed control. During sudden changes in the set speed, MPC strategy results
in speed fluctuations of 8.0%, while VC strategy exhibits fluctuations of 16.8%.
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Figure 16. Speed response in the case of balanced speed variation with load unchanged. (a) MPC.
(b) VC.
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Figure 17. Electromagnetic torque response in the case of balanced speed variation with load
unchanged. (a) MPC. (b) VC.
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Figure 18. Current waveforms in the case of balanced speed variation with load unchanged. (a) MPC.
(b) VC.

Figure 17 demonstrates that after the set speed sudden changes, MPC strategy and
VC strategy take 0.005 s and 0.04 s, respectively, to stabilize the electromagnetic torque of
CRPMSM back to 10 N-m. The MPC strategy exhibits shorter recovery times for electro-
magnetic torque, indicating a faster dynamic response. Figure 18 illustrates that the stator
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current of CRPMSM under the MPC strategy is smoother. FFT analysis shows that when
CRPMSM’s speed changes and stabilizes at 500 r/min, the harmonic distortion of the stator
current is 0.2% under the MPC and 5.5% under the VC. This analysis reveals that CRPMSM
under the MPC strategy has superior dynamic performance and less harmonic loss when
the speed changes suddenly.

6.3. Unbalanced Load Variation

Both rotors of CRPMSM start with a balanced load torque of 10 N-m and the set speed
is 300 r/min. At 0.2 s, the load torque of rotor 1 suddenly decreases to 6 N-m, which acts
as the master rotor, and the load of rotor 2 decreases to 5 N-m, which acts as the slave
rotor. At 0.25 s, both rotor loads simultaneously return to 10 N-m. MPC strategy and VC
strategy are utilized to analyze the effects of unbalanced load variation on CRPMSM’s
speed, electromagnetic torque, and stator current, as shown in Figures 19-21.
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Figure 20. Electromagnetic torque response in the case of unbalanced load variation. (a) MPC. (b) VC.

In Figure 19, before the load imbalance changes, CRPMSM under the MPC strategy
can reach and stabilize at the given speed more quickly. During load imbalance changes in
CRPMSM under the MPC strategy, the speed ripple of the master rotor is 101.7% and that
of the slave rotor is 7.0%. While for the CRPMSM under the VC strategy, the speed ripple
of the master rotor is 111.7% and that of the slave rotor is 52.7%. The MPC strategy results
in a much smaller speed ripple and a shorter time to reach stability.
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Figure 21. Current waveforms in the case of unbalanced load variation. (a) MPC. (b) VC.

Figure 20 shows that when load imbalance occurs, the electromagnetic torque fluctua-
tions of CRPMSM under MPC strategy and VC strategy are 120% and 314%, respectively.
The use of MPC significantly reduces electromagnetic torque fluctuations in the motor.
Figure 21 reveals that the stator current of CRPMSM is smoother when controlled by the
MPC strategy. FFT analysis shows that when CRPMSM reaches stable operation after load
variation, the harmonic distortion of stator current under the MPC and VC is 1.7% and 4.4%,
respectively. This analysis demonstrates that CRPMSM exhibits better dynamic performance
under the MPC strategy when subjected to load imbalance changes, addressing the issues of
significant speed ripples and long transition times observed under the VC strategy.

7. Conclusions

In this paper, the MPC strategy is employed to address the issue of speed fluctuations
caused by load variation in CRPMSM. The speed response, electromagnetic torque, and
stator current are simulated for the CRPMSM under the MPC strategy and compared to the
VC strategy. Compared to the VC strategy, the speed ripple of CRPMSM using the MPC
strategy in the condition of load balanced change can be decreased from 30.67% to 6.16%,
while using the MPC strategy it can be decreased from 16.8% to 8.0% in the condition
of speed-balanced change. When the CRPMSM involves unbalanced load variation, the
master rotors in two control methods both have a relatively large speed ripple, while the
slave rotor under the MPC strategy achieves a significant reduction in speed ripple, which
decreases from 52.7% to 7%. The results show that CRPMSM controlled by MPC exhibits
smaller speed ripples and faster re-synchronization when subjected to changes in load and
speed. In all studied conditions, the stator current THDs of the CRPMSM using the MPC
strategy are apparently lower than those under the VC strategy, which can help alleviate
the harmonic loss of the motor.
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