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ABSTRACT: This paper addresses the susceptibility of motor parameters to external disturbances during the operation of three-vector
model predictive current control (TV-MPCC) for permanent magnet-assisted synchronous reluctance motors (PMA-SynRMs), which
leads to increased current fluctuations and reduced tracking precision. To enhance the control system’s stability, a step-by-step parameter
identification approach is proposed. First, the proposed method devises six switching configurations, considers eight potential current
prediction points generated by voltage vectors, and reformulates the value function. Next, a model reference adaptive system (MRAS)
is employed to incrementally identify the motor’s d and g axis inductances, resistance, and flux linkage. These identified parameters are
used to update the model in real time. In this study, a 3 kW PMA-SynRM serves as the control object for simulation verification. Results
indicate that the TV-MPCC based on step-by-step parameter identification has obvious improvement in current tracking static error and

peak value of current fluctuation.

1. INTRODUCTION

In recent years, science and technology has been developed
in the low-carbon, energy-efficient, and high-efficiency di-
rection, and the research and application of clean energy are
essential [1]. PMA-SynRM, as an efficient motor with a few
rare earths, has a wide application prospect [2, 3]. It combines
the benefits of permanent magnet synchronous motors and syn-
chronous reluctance motors, typically utilizing ferrite pole ma-
terials, which has the characteristics of low cost, large saliency
pole ratio, and straightforward control of demagnetization cur-
rent [4-6]. PMA-SynRM torque mainly is derived from reluc-
tance torque, which is usually controlled by Maximum Torque
Per Ampere (MTPA) [7].

Model predictive control (MPC) can handle multi-objective
control and has the advantage of fast dynamic response. Finite-
set MPCC can directly act on the inverter with discrete switch-
ing states. However, only one switching state is applied per
control cycle, which can lead to significant current fluctuations
in the steady state. Refs. [8, 9] propose a two-vector MPCC
strategy adding a second voltage vector to the single vector.
This enables the synthesis of voltage vectors in arbitrary direc-
tions, effectively reducing current fluctuations. In [10,11], a
TV-MPCC strategy is introduced, adding a zero-voltage vec-
tor to the two-vector scheme which makes the resultant voltage
vector close to the expected value.

During PMA-SynRM operation, motor parameters vary with
changes in current, and the motor parameters may be mis-
matched due to disturbance, which will affect the TV-MPCC
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performance. To address parameter mismatch, MRAS [12] is
usually used to adjust the parameters of the prediction model
online. In [13], an MPCC strategy with parameter identifica-
tion function is introduced, which calculates the identification
value of inductance parameters through model reference adap-
tive rate, and corrects the identification result to the control sys-
tem in real time. Since PMA-SynRM contains only two voltage
equations, identifying more than two parameters often leads to
an under-rank problem in the identification equation. To over-
come this issue, it is necessary to either reduce the number of
identified parameters or increase the number of system state
equations. In [14], a step-by-step online parameter identifica-
tion method is proposed, which solves the under-rank problem
of multi-parameter identification through the step-by-step iden-
tification of resistance, flux linkage, and inductance, ensuring
the correctness of identification results and improving the sta-
bility of the system.

Taking PMA-SynRM as the control object, a TV-MPCC con-
trol strategy based on step parameter identification is proposed
in this paper. The method designs six switching combinations
and establishes multiple prediction points, considering the cur-
rent error at each prediction point into the value function. This
design results in a more accurate evaluation index and effec-
tively reduces current ripple. To address the susceptibility of
TV-MPCC control performance to external disturbances, an
MRAS is implemented to sequentially identify the d-axis induc-
tance, g-axis inductance, resistance, and flux linkage parame-
ters of the motor, which improve the robustness of the system.
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FIGURE 1. Block diagram of TV-MPCC.

2. MPCC STRATEGY ANALYSIS

2.1. Principle of TV-MPCC

Figure 1 shows the block diagram of the control strategy em-
ployed under matched parameters conditions. The velocity
loop is controlled by proportional integral (PI), and the refer-
ence value of its output stator current is passed through MTPA
to get the reference current iy, i;,. The reconstructed value func-
tion is utilized to optimize the current generated under the ac-
tion of the voltage vector, and the voltage vector corresponding
to the smallest value function is selected. Its switching state and
the corresponding action time are used to control the on-off of
the six switching devices of the three inverter bridges, so as to
act on the motor.

The voltage, flux linkage, and torque equations of the d and ¢
axis coordinate system of the motor are formulated as follows:

dipy (M

Ug = Rig — weLgiq + %ot
Ug = Riq 4+ weLgiq + T

Ya = Lgiq
{ Vg = Lqiq — ¥y @
To= Snyl(La— Lpisig +vsid) )

where 44, 74 and ug, u, are the d and ¢ axis components of the
stator current and voltage vectors; R is the winding phase re-
sistance; w, is the rotor angular velocity; Lg, L, are the induc-
tances of the direct and quadrature axes; ¢ is the flux linkage;
nyp is the number of motor pole pairs.

Equation (1) can be obtained by the forward Euler equation:

Zd(k + 1) = ZZ (ud(k) - Rld(k) + weLqiq(k) - wewf)
+ia(k)
iq(k +1) = f; (uq(k) - Riq(k) —weLqiq(k)) + Z.q(k)
“4)

where iq(k + 1), i4(k + 1) are the predicted values of d and ¢
axis currents at the k£ + 1 moment; i4(k), i,(k) are the d and
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¢ axis currents at the k moment; uy(k), uq(k) are the d and ¢
axis voltages at the k¥ moment.

To reduce switching frequency and minimize current ripple,
the designed switching sequence is presented in Table 1. vg 7
is the zero voltage vector, and v; to vg are the effective volt-
age vectors. The numbering of the switching sequences corre-
sponding to the first sector is shown in Fig. 2.

TABLE 1. Sequence of vectors.

Number Voltage vector sequence

1 Vo, V1, V2, V7,V2, V1, V0
Vo, V3, V2, U7, U2, U3, Vo
Vo, V3, V4, U7, V4, U3, Vo
Vo, Vs, V4, U7, V4, Us, Vo

Vo, Vs, Ve, V7, U6, Us, V0

AN bW N

Vo, V1, Ve, V7, U6, V1, V0

Or OO,

FIGURE 2. Switch sequence of the first sector.

Taking sector 1 in Fig. 2 as the column, the adjacent effec-
tive voltage vectors are v (100), v2(110), and the correspond-
ing switching sequence is v (000), v1(100), v2(110), v7(111).
When switching voltage vectors, only the state of one switching
tube changes, reducing the switching loss.

Applying a current gradient transformation to Eq. (1) reveals
the effect of each voltage vector on the current:

Sdo = %|Ud=0 = L%(—Rid(k) +weLglq(k) = wetdy)
Sq0 = ddZTq|uq:O = L%(*Riq(k) — welLata(k))
k)

©)

— Udni
Sdni = Sdo + Td(
Sqni = Sq0 + Lq
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udnj(k)
La

L Ugnj (k)
Sqnj = Sq0 + —L.

Sdnj = Sdo +

(7

where 549, Sq0 are the slopes of the d and ¢ axis currents when
the zero voltage vector is acting; Sqni, Sqns and Sqnj, Sqn; are
the slopes of the d and ¢ axis currents when the V;,;, V,,; act in
the nth switching sequence; wgni(k), ugni(k) are the compo-
nents of V; in the d and ¢ axes in the nth switching sequence;
Udnj (k), ugnj (k) are the components of V; in the d and ¢ axes.
The current trajectory of the inverter under the action of
the corresponding voltage vector of the switching sequence is
shown in Fig. 3, while the current tracking equation can be ob-
tained as:
’id(k + 1) = Zd(k) + 2(Sdmtm‘ + Sdanjtnj + 28d0t0) ®)
ig(k + 1) = iq(k) + 2(Sgnitni + Sgnjtnj + 2540t0)

where t,,;, t,,; are the effective voltage vectors V,,;, V;,; action
times in the nth switching sequence, and t; is the zero voltage
vector action time.
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FIGURE 3. Inductance current trace.

The two effective voltage vectors in the sector with zero vec-
tor action time can be obtained by associating Egs. (5) to (8):

Ed(sqnj _SQO)"'Eq(SdO_Sdnj)

tni = X
_i_Tg(sqgsdgj);sqnjsdo)
toy = Ed(SqO*Sqni)Z‘FEq(Sdnifsdo) 9)
+ 71S (Sqniséo)gsqos{ini)
to = (Ts/2 = tni — tnj)
where:
Eq =15 —iq(k)
Eq, = i; —iq(k) (10)

X = (SqOSdnj + SqniSdo + SqnjSdni
—SqniSdnj — SqnjSdo — SqOSdni)

As shown in Fig. 3, the d and ¢ axis currents generate multi-
ple prediction points within one control period under the influ-
ence of the voltage vector. To more accurately evaluate the pre-
dicted current generated by each voltage vector, this paper re-
constructs the value function, incorporating the current error at
each stage of the voltage vector application. The reconstructed
value function can be expressed as follows:

o 8 -k . 2 -3 - 2
G= gl(ld_ld,Z) + (i —iq,2) (11)
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where i4 ., 14, are the current values obtained after the zth seg-
ment of voltage vector action in a switching combination. The
specific formula is as follows:

{ 7:d,z—i-l = 7:d,z + Sdnztnz (12)

Z'q,erl = Z.q,z + Sqnztnz

where t,,, is the action time of the zth voltage vector in the nth
switching sequence. When the value function is minimized, the
obtained switching sequence is the optimal switching sequence,
and the corresponding voltage vector action time is the optimal
action time.

2.2. Parameter Mismatch Impact Analysis

The stability of the TV-MPCC system is closely related to the
accuracy of the d and ¢ axis current slopes. During motor oper-
ation, parameters mismatch can arise due to external environ-
mental disturbances and other factors. Taking the inductor pa-
rameter mismatch as an example, Eq. (7) is the rate of change
of d and ¢ axis currents when motor parameters are accurate,
assuming that the inductor parameter mismatch error is ALy,
ALg. Under these conditions, d and ¢ axis current slope is as
shown in Eq. (13):

_ (udnj (k)= Riq(k)tweLqiq(k)—wetys)
- Lg+ALg

_ (ugnj(k)—Riq(k)—weLaia(k))

= L,+AL,

gdnj

(13)

Sqnj

From Eq. (7) and Eq. (13), the error in the rate of change of
current for the mismatch of d and ¢ axis inductance parameters
is:

ALy ( _udnrj(k)""Rid(k)

Sdnj — Sdnj = T,1AL, Ta
+wewf7weLqiq(k:))
La , (14)
S — 5. . = ALg (‘“qnj(k)""R’Lq(k)
qnj anj = L,+AL, Ly
weLdid(k)
)

Equation (14) can be simplified as follows:

gdnj — Sdnj =

Sqnj — Sqnj =

According to Eq. (15), mismatched inductance parameters
introduce errors in the current slope calculation, resulting in
changes in the distribution of voltage vector action times and
affecting both control performance and prediction accuracy.
Therefore, incorporating an MRAS into the TV-MPCC can ef-

fectively enhance system stability in the presence of parameter
perturbations.

ALy _
LatAL,Sdnj
__ALg
L +AL, Sanj

(15)

3. PARAMETRIC ADAPTIVE CONTROLLER DESIGN

In this paper, a step-by-step identification method is adopted,
and the inductance parameters of d and ¢ axes are identified
first. The actual motor is used as the reference model with
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mathematical model as the adjustable model, and the reference
model is equation as follows:

pi = Ai+ Bu+C (16)
where p is a differential operator, i = [ig 4",
—Rm w2 m 0
_ T _ en _
u—[uduq].A—[_(‘%:I —Rn}’B_{O n}’

C = [ 7w%wfn }, 1/Lq = m, 1/L, = n. Design the motor

adjustable model as follows:

pi = Ai + Bu+C

],B:

i 1 1/ha =

(17)
we% :|’ C _

where A = [ _Rh

-

ductance discrimination value, and 1/ ﬁq = 7 is the Q-axis
inductance discrimination value. Subtract the reference model
from the adjustable model to get:

pe = Ai+ Bu+C — (Ai + Bu+O)
= Ae+ AAi+ ABu+ AC
AAi+ ABu+ AC = —w, Eq. (18) can be written as:

S o

K

m is the D-axis in-

(18)

pe = Ae — Tw (19)

According to the above equations, the PMA-SynRM MRAS
can be equated to a nonlinear feedback system, and the struc-
tural block diagram is shown in Fig. 4:

I_Linear time-invariant—I
| forward block |

| Nonlinear feedback |
[ _ block

FIGURE 4. The equivalent nonlinear feedback system.

The equation of state for a linear constant forward square is
as follows:

{ é=Ae+I(—w) 20)

v = De

According to Popov’s superstability theory, to maintain the
stability of the feedback system, it is necessary to demonstrate
that the linear system is strictly positively real. This is achieved
by finding positive definite matrices P and @ such that Eq. (21)
holds, expressed as:

Tp _
(paetr=e
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Taking P and D as unit matrices and assuming that A is a
negative definite matrix, there must exist a positive definite ma-
trix @ such that the linear definite forward square is strictly
positively real. Additionally, it is necessary to ensure that the
nonlinear feedback loop satisfies the Popov integral inequality:

t1
n(to,t1) = / wlodt > —’yg

to

(22)

Substituting the values of v, w into the Popov integral in-
equality of the above equation can derive the adaptive law for
the d and ¢ axis inductances as follows:

1 i + (k'pl + k;1) (id - ’Atd) (Ud - wewf)

L% + (kp? + %2) (iq - %q> Uq

|
.

(23)

-

)

q

After identifying d and ¢ axis inductance parameters, the
second-level MRAS is applied to identify the flux linkage and
resistance parameters. The adaptive law for resistance, flux
linkage identification follows a similar design process of d
and ¢ axis inductances, and the adaptive rate of resistance and
magnetic chain can be determined by substituting w1, v1 into
Popov’s integral inequality:

24

b =g+ (kpo + 12) (—WEL% (id - Zd))

Incorporating the adaptive rates for online identification of d
and ¢ axis inductances, the block diagram of step-by-step pa-
rameter identification process is illustrated in Fig. 5.

The above parameter identification strategy is integrated into
TV-MPCC, and the four motor parameters in the controller are
corrected in real time using the identified values. This en-
sures that the parameters in the motors and controller are kept
matched, so that the control effect of TV-MPCC can be opti-
mized, and the control block diagram is shown in Fig. 6.

4. SIMULATION RESULTS ANALYSIS

To verify the accuracy and effectiveness of the proposed algo-
rithm, simulations are performed in Matlab/Simulink. The mo-
tor parameters of the used PMA-SynRM are shown in Table 2.
The switching frequency is 10 kHz, and the sampling time is
100 ps.

4.1. Simulation Validation of Parameter Identification Algo-
rithm

The stability of the identified values of the algorithm proposed
in this paper for d and q axis inductances, resistances, and flux
linkages is first verified. In order to make the identification
equation full rank step-by-step identification is used. The sim-
ulation conditions are set to the reference speed of 1000 r/min,
and load torque is 5N - m.

WWwWw.jpier.org
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FIGURE 5. Structure block diagram of four-parameter step identification based on MRAS.
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FIGURE 6. Block diagram of TV-MPCC algorithm based on step-by-step parameter identification.

TABLE 2. Parameters of PMA-SynRM.

Parameter/Unit Value
Pole pairs 3
Rated power/kW 3
Rated torque/N - m 9.5
Rated speed/r/min 30000
Rated voltage/V 380
Rotor resistance/S2 2.8
Flux/Wb 0.19
Ld/mH 19.7
Lg/mH 53

The simulation results in Fig. 7 demonstrate that the identi-
fied values of d and ¢ axis inductances, resistances, and flux
linkages stabilize near the reference values, and the conver-
gence error is less than 3%, which has a high identification ac-
curacy.

4.2. TV-MPCC Steady State Simulation

Secondly, the steady state performance of TV-MPCC is veri-
fied under matched motor parameters. The simulation is con-
ducted with a reference speed of 1000 r/min and the load torque
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of SN-m. i3, i; and 74, i, represent the predicted current and
sampling current of the d and ¢ axes, respectively.

As shown in Fig. 8, the fluctuation of the actual d-axis current
is maintained at 0.024 A and the fluctuation of the actual g-axis
current maintained at 0.083 A during the steady state operation
of the TV-MPCC under the parameter matching condition. This
indicates that the TV-MPCC has a good tracking accuracy and
steady state effect, and the control performance is good.

4.3. Steady State Simulation Verification of the Proposed Al-
gorithm

To simulate motor parameter mismatch, this paper adjusts the
initial value of the parameter model. First, a mismatch of d-axis
inductance is simulated by setting the motor d-axis inductance
to more than twice of the actual motor parameters at the begin-
ning of simulation, and MRAS is introduced at 0.2 s to identify
and correct the d-axis inductance parameter of the system on-
line. The PMA-SynRM reference speed is set to 1000 r/min,
and the load torque is 5N - m to verify the algorithm proposed
in this paper. d and ¢ axis current waveforms and reference
current waveforms are shown in Fig. 9.

As shown in Fig. 9, when the d-axis inductance parameter
is mismatched, the d and ¢ axis currents exhibit ripples and in-
crease the peak values of the d and ¢ axis currents which neg-
atively impacts current stability and tracking accuracy. Sec-
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FIGURE 7. Four parameter step identification simulation diagram. (a) d axis inductance, (b) ¢ axis inductance, (c) stator resistance, (d) flux linkage.
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FIGURE 8. Current waveform diagram of TV-MPCC with parameters match.
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FIGURE 10. Simulation waveform diagram of proposed algorithm with g-axis inductance parameter mismatches.

ondly, the g-axis inductance parameter mismatch is simulated
by setting g-axis inductance to more than twice of the actual
motor parameters, and other simulation conditions remain un-
changed, the proposed algorithm is verified, and the waveforms
are shown in Fig. 10.

When the g-axis inductance parameter is mismatched, the
system’s stability is compromised. The tracking effect of d-axis
current becomes worse, and the peak value of g-axis current
fluctuation also increases, which further proves the instability
of the control system when the parameters are mismatched.
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With the same simulation conditions, the stator resistance is
set to more than twice of the actual motor parameters to simu-
late the proposed algorithm’s performance under resistance pa-
rameters mismatch. The waveform diagram is shown as fol-
lows.

Figure 11 illustrates that stator resistance parameter mis-
match degrades d and ¢ axis currents tracking accuracy, result-
ing in positive errors. Finally, the proposed algorithm for the
mismatch of flux linkage parameter is verified by simulation.
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FIGURE 13. Dynamic simulation waveform of the proposed algorithm when the parameters mismatch.

TABLE 3. Current result comparison.

Motor Current fluctuation/A  Current error/mA
parameter Aig/A Aig/A eid/mA  ejq/mA
L4 parameter mismatch ~ 0.031 0.129 -9 98
L, parameter mismatch ~ 0.039 0.089 —11 -15
R parameter mismatch ~ 0.028 0.086 11 37
1y parameter mismatch ~ 0.029 0.554 71 —10
Proposed algorithm 0.026 0.085 —4 -9
Figure 12 demonstrates that flux linkage parameter mismatch lows:

degrades TV-MPCC performance, notably causing significant
tracking errors in the d-axis current.

As shown in the simulation diagrams, after MRAS is intro-
duced at 0.2 s to accurately identify the motor parameters and
correct the motor parameters in TV-MPCC controller, the peak
values of the d and ¢ axis current fluctuations are significantly
reduced; the oscillation phenomenon disappears; and the cur-
rent tracking accuracy is the same as the parameter matching.

In order to clearly illustrate the improvement of the proposed
algorithm, Table 3 provides the data of current fluctuation and
current tracking error of d-q axis when parameters mismatch
between traditional TV-MPCC and the proposed algorithm oc-
curs. The expression of current tracking error is defined as fol-
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(25)

4.4. Dynamic State Simulation Verification of the Proposed Al-
gorithm

In order to further verify the effectiveness of the proposed algo-
rithm, the speed is set at 1300 r/min, and the load torque jumps
from S5SN-mto8N-mat0.2s.

As shown in Fig. 13, in the case of parameters mismatch,
the proposed algorithm still has good control effect after 0.2 s
torque jump; the peak value of d-axis current is 0.027 A; the
peak value of g-axis current is 0.086 A, which has good dy-
namic performance.
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5. CONCLUSION

To address the sensitivity of the TV-MPCC algorithm for PMA-
SynRM to external disturbances, a TV-MPCC algorithm based
on step-by-step parameter identification is proposed in this pa-
per. Simulation results demonstrate that the TV-MPCC algo-
rithm has good current tracking accuracy and control perfor-
mance, However, the mismatch of parameters adversely affects
stability, increases current fluctuations, and degrades tracking
characteristics. By introducing an MRAS to identify and cor-
rect d and g-axis inductances, resistances, and fluxes of the
motor in real time, the adverse effects of parameter mismatch
are effectively mitigated, reducing the peak values of d and ¢-
axis currents, enhancing tracking characteristics, and improv-
ing system stability.
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