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ABSTRACT Analysis and robustness improvement of FCS-MPCC for IPMSM with model parameter
mismatches are studied in this paper. The prediction error of the current in synchronous rotation coordinate
is analyzed and it is divided into two categories according to whether it is related to the selected optimal
voltage vector. A robustness improvement method by extracting the information of both kinds of prediction
errors in the last sampling period is proposed. The simulation and experimental results demonstrate that the
proposed method can effectively improve the ability to resist multiple model parameter mismatches.

INDEX TERMS Model predictive current control, parameter mismatch, interior permanent-magnet syn-

chronous motor.

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) includ-
ing surface-mounted PMSMs (SPMSMs) and interior
PMSMs (IPMSMs) have been applied in many industrial
fields because of high power density, high efficiency, and
excellent performances [1], [2], [3]. Finite-control-set model
predictive control (FCS-MPC) [4], [5], [6], [7], [8] has been
emerging as one of the promising methods for the control of
PMSMs due to its advantages of excellent dynamic perfor-
mance, nonlinear processing ability, and flexibility to handle
multiple constraints and objectives. FCS-MPC obtains the
optimal voltage vector according to the predictive model, and
thus, its performance highly depends on the accuracy of the
model parameters. However, the utilized model parameters in
the predicting process of FCS-MPC may not match with the
actual ones due to the measurement error and the inevitable
change of the inductance, resistance and flux during the oper-
ation of PMSMs. Both the steady and dynamic performances
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of FCS-MPC may be deteriorated with model parameter
mismatches [9] and it has been one of the main barriers to
its widespread application.

To address the problem, some methods have been stud-
ied. The model parameter mismatches can be viewed as
one of the disturbances of the system, and the extended
state observer [10] has been designed to compensate for
model parameter mismatches. In addition, the sliding-model
observers (SMQO) have also been studied to enhance the
robustness [11], [12], [13], [14], [15]. A multistep error track-
ing based continuous model predictive control with a SMO
differentiator is studied in [11] to improve the robustness.
A robust predictive speed control for PMSM using integral
SMO is proposed in [12]. Robust MPCC based equivalent
input disturbance approach for PMSM drive is studied in [13].
The SMO is introduced in the non-cascade predictive control
to estimate and compensate the disturbance caused by the
uncertain parameters [14]. A continuous integral-type termi-
nal SMO has been studied to deal with the mismatched distur-
bance [15]. The above disturbances observers are suitable for
the continuous model predictive control methods [16], [17],
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and the methods to combine them with FCS-MPC remain to
be solved.

The robustness improvement for FCS-MPC for PMSM has
also been studied in recent years. The last prediction errors
of a given voltage vector with a weighting factor are added
to prediction stage at the presence of inductance uncertainty
in [18] to improve the robustness of FCS-MPCC. However,
the method in [18] has not considered the parameter mis-
matches of the stator resistance and the magnetic flux linkage,
which make it cannot deal with the cases of multiple parame-
ter mismatches. A cost function in proportional-integral form
is introduced in [19] to eliminate the steady-state errors under
model parameter mismatches for the finite-control-set model
predictive current control (FCS-MPCC) of PMSM. With-
out quantitative analysis of the prediction errors, the newly
designed cost function fails to mitigate the torque ripples
and current harmonics caused by parameter mismatches. The
methods utilizing current variation or update mechanisms
to reconstruct the PMSM model have been studied in [20]
and [21] to suppress the disturbances caused by parameter
mismatches. An improved FCS-MPCC based on the incre-
mental model for surface-mounted PMSM is studied in [22].
However, the proposed methods in [18], [19], [20], [21],
and [22] are all for SPMSMs of which the d-axe and g-axe
inductances are viewed as identical. For IPMSMs of which
the g-axes inductance is bigger than the d-axe inductance, the
prediction error analysis is not fully identical to the methods
for SPMSMs, and thus, applying the methods in [18], [19],
[20], [21], and [22] to IPMSMSs needs further studies. The
model free predictive control methods have been studied in
[23] and [24], but the measuring noises or errors may lead to
instability of the system. An online inductances identification
with a recursive algorithm is inherently incorporated into the
FCS-MPC of IPMSM to deal with the inductance parameter
mismatch [25], however, the parameter mismatches of the
resistance and flux have not been considered. The model
parameter mismatches for other electrical machines have
also been studied [26], [27], [28]. A robust model reference
adaptive system estimator incorporating online parameter
identification algorithm for parallel predictive torque con-
trol of induction motor is studied in [26]. The impact of
parameters mismatch on the FCS-MPCC performance of a
five-phase induction motor drive is studied in [27]. Influence
of covariance-based methods in the performance of predictive
controller for five-phase induction motor is studied in [28] to
improve the robustness. The models of the motors studied in
[26], [27], and [28] are different from IPMSMs, and accord-
ingly, applying the methods in [26], [27], and [28] to IPMSMs
needs further studies.

In this paper, analysis and robustness improvement of
FCS-MPCC for IPMSM with model parameter mismatches
are studied. The prediction errors caused by model param-
eter mismatches in the two-step prediction considering the
time-delay compensation is analyzed. The prediction errors
are divided into two categories according to whether it
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is related to the selected optimal voltage vector. Then,
a parameter mismatch compensation method by calculating
both kinds of prediction errors according to the error infor-
mation in last sampling period is proposed. The main contri-
bution of this article is that the prediction errors with model
parameter mismatches considering the model of IPMSM
is studied and a compensation scheme by calculating the
prediction errors with a new and simple method is pro-
posed. The proposed method can deal with multiple param-
eter mismatches including the stator resistance, magnetic
flux linkage, inductances in both d and q axes. The control
performances of the proposed method including the steady-
state errors of current tracking, current harmonics, and torque
ripples can ensure almost the same as the FCS-MPCC without
parameter mismatches. The effectiveness of the proposed
method is verified by the simulation and experimental results.

Il. ANALYSIS OF THE CONVENTIONAL FCS-MPCC FOR
IPMSM WITH MODEL PARAMETER MISMATCHES

A. REVIEW OF THE CONVENTIONAL FCS-MPCC
CONSIDERING DELAY COMPENSATION

The IPMSM control system based on 2-level voltage source
inverter (2L-VSI) is shown in Figure 1 (a). There are 8 switch-
ing states for 2L-VSI, which generate 8 different voltage
vectors (VVs) (Vo, Vi, Va...V7) as shown in Figure 1 (b).
The positions of V( and V7 are coincidence and they are
defined as zero VVs (ZVVs), and the others are defined as
non-zero VVs (NZVVs).
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FIGURE 1. PMSM control system based on 2L-VSI. (a) Topology of the
2L-VSI. (b) Voltage vector diagram.

The current predictive equations of IPMSM at the end of
kth sampling period are given in (1) and (2)

RT. Ly
ﬁ@+D:<L—nyMM+%R§ﬁ&)

d d
T
—%zxud@) (1)
d
P R\ . Ly,
iqtk+1)=11- A iq (k) — weTSL_Ald (k)
q q
v T
— ‘”Tﬁ + L—q;uq (k) 2)

where R is the stator resistance, ¥ is the magnetic flux link-
age, we is the electrical angle rotational velocity, uq, ig, and
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Lg are the d-axis components of the stator voltage, current,
and inductance, ug, iy, and Lq are the g-axis components of
the stator voltage, current, and inductance, T is the sampling
period. The motor parameters R, ¢, Lq and Lq utilized in
the prediction process are defined as R", w;\ s Lg, and La,
respectively.

In order to compensate the time delay in the actuation, two-
step prediction is usually used and the corresponding current

predictive equations are given in (3) and (4).

Pk +2) = 1—RATS Pk + 1 TL—qA'pk 1
ig(k+2) = A ig (k+1) + we SL/\lq( +D
d d
T.
+L—iud(k+1) 3)
d
RN, L
ig(k+2):<l_L_A>q(k+1)_weTsL ld(k+1)
q q
—a)wa +—q(k+1) 4)

The cost function is designed as (5) to realize the target of
tracking the reference of iq and iy. Prediction of the future
values of ig and iq are calculated for each possible VV and
then the VV that minimizes the cost function is selected.

g= (5~ fk+2)" + (is -+ 2))2 )
B. PREDICTION ERROR ANALYSIS CAUSED BY MODEL
PARAMETER MISMATCHES

Obviously, prediction equations (1)-(4) contain motor param-
eters including R, Lq, Ly, and . In a real system, motor
parameters may vary during operation due to some reasons
such as temperature variation, magnetic saturation, and cross-
coupling effects. For instance, as the temperature increases,
R increases and ¢ decreases. In addition, the magnetic sat-
uration may result in nonlinear change of Lq and Lq. If the
motor parameters utilized in the prediction process devi-
ate from actual values, the current prediction error will be
inevitably produced.

The actual currents in d and q axes at the end of kth sam-
pling period are defined as ig(k + 1) and iq(k + 1) and they
can be obtained by (1) and (2) if R, wlf , Lg, and La are equal
to their actual values. The current prediction errors can be
obtained as (6) and (7) with R", ¥, L], and LC“l deviating
from their actual values

Aig(k+ 1) = & (k + 1) —iq (k + 1) = Cq + Mquq (k)
(6)

Aig(k + 1) = ig (k + 1) — iq (k + 1) = Cq + Mqug (k)
(N
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where ‘A’ represents the prediction error, Cg and Cq can be
calculated as (8), My and M can be calculated as (9).

co= (X BN iwr+ fy Lo
=\, "5 ) LA L

X weig (k) T

=
!

R
“\Ly L)

) 1 )]
My=|15z-1 T
q q

As can be seen from (6)-(9), the prediction errors have
already appeared in ig(k + 1) and ig(k + 1). The currents
in d and q axes are predicted twice in a whole process to
compensate the system delay. The prediction errors appeared
in ig(k +2)and ig(k+2) are caused by not only the deviation of
the motor parameters but also the prediction errors in ig(k +1)
and ig(k + 1), which may further increase the prediction
errors.

The prediction errors in ig(k + 2) and ig(k + 2) are

Aig (k42) = iy (k+2) —ia (k +2)
= C} + Maug (k + 1) (10)
Aig (k +2) = i (k +2) —iq (k +2)
= C§ + Mqug (k + 1) (11)
where
0 R R’
ch = L i (k + 1) T

» (R R
Ca= Ly L

LY L
q q p
+ <L_é\ — _Ld> Welg k+1)Ts

)ig(k—i-l)TS%—(ﬂ—w—f)weTS

Ly L\ 5
L—q—g weld(k+1)TS

12)

By combining (6)-(12), the prediction errors in ig(k + 2)
and ig(k + 2) can be expressed as

Aig (k +2) = Cq+ Mguqg (k + 1)
+y1Aig (k + 1) + ypAig (k+1) (13)
Aig (k+2) = Cq + Mqugq (k + 1)

+y30iq (k + 1) + yadig (k + 1) (14)
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where

R RN\, Ly Ly .
= _—— , = _—— ),
V1 La LdA sy V2 LdA L els

y3 = R_R\ g y4 = La Ly 0T,
- Ss - S
L, Ig L, I

According to (13) and (14), it can be seen that there are
two kinds of prediction error. One is from the variation
of parameters in the second prediction, the other is from
the prediction error produced in the first prediction. Finally,
an unexpected voltage vector may be selected in the second
prediction according to the cost function defined in (5) due to
inaccurate prediction results. The parameter mismatches will
have adverse effects on motor operation. Thus, it’s necessary
to compensate the prediction error to improve the operation
performance.

(15)

Ill. ROBUSTNESS IMPROVEMENT OF FCS-MPCC FOR
IPMSM WITH MODEL PARAMETER MISMATCH

In accordance with the analysis of part B in section II, two
kinds of prediction error should be compensated. If the pre-
diction error in the first prediction has been compensated,
ie., Aig(k + 1) = 0 and Aig(k + 1) = 0, (13) and (14) can
be rewritten as

Aig (k +2) = Cq + Maug (k + 1) (16)
Alg (k+2) = Cq+ Mquq (k + 1) (17)

The form of (16) and (17) is the same as that of (6) and (7).
Once Cy4, Cg, My and My are figured out, Aig(k + 1) and
Aig(k+1) can be obtained. Then Aig(k+1) and Aig(k+1) are
compensated in the second prediction. In the end, Aig(k + 2)
and Aiq(k +2) are fully eliminated by (16) and (17). Accord-
ingly, the key to improve the robustness is to get the values
of Cq, Cq, My, and M. The block diagram of the proposed
robustness improvement method is shown in Figure 2.

— Three-Phase

IPMSM

Cost function

********* 2 (r 2y Toe Rt~ (1) (). (8]
! Improvement

i

2 The second . hiciod i
prediction i; (k) g (k-1

..... v, it (k) '

N V-h u, (k—1),
Gk, Computation of !
i (k+1) parameters for
compensation

C,.Co M M,

Modification of

the currents at
the (k+1)th
instant

FIGURE 2. Block diagram of the proposed robustness improvement
method.

At the kth instant, the current prediction errors in d and q
axes are

Aig (k) = iy (k) — ia (k) = Ca + Maug (k — 1) (18)
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Aig (k) = if (k) — iq (k) = Cq + Mqugq (k — 1) (19)

In (18) and (19), ug(k — 1) and uq(k — 1) are known optimal
voltage vectors at the (k — 1)th instant. When the optimal
voltage vectors are zero VVs, Cq and Cy are obtained by the
difference between the predicted current and actual current as

Ca =i (k) —ig (k) ifug (k — 1) =0 (20)
Cq = i (k) —ig (k) ifuqg (k — 1) =0 1)

Since the sampling period is quite short, it can be con-
sidered that the currents in d and q axes remain unchanged
between adjacent sampling periods. In the meantime, the
motor parameters are also approximately invariant and the
rotor speed keeps stable. Hence, if the optimal voltage vectors
are non-zero VVs, Cy and Cy can be regarded as equal to the
Cq and Cg in the last sampling period, respectively.

When the optimal voltage vectors are non-zero VVs, My
and M can be obtained by (22) and (23) as

_ Aig(k) - Cq . B
My= = o ifua k=1 £0 22)
_ Aig ()~ Cq

My = gk —1) ifug(k —1) #0 (23)

When the optimal voltage vectors are zero VVs, Mg and M
can be viewed as equal to the My and Mg in the last sampling
period with assuming the motor parameters invariant between
adjacent sampling periods.

Since uq(k) and ug(k) are optimal voltage vectors deter-
mined at last sampling period, the current prediction errors at
the (k + 1)th instant can be figured out by (6) and (7). Then
the currents after compensation at the (k + 1)th instant are
expressed as

n RIS . Ly
g k+1) =\1——)iak) +weTs—iq (k)
Ld Ld

T
+ L—;\ud (k) — (Cq + Myugq (k)) (24
d

. RT . L)
ig (k+1) = (1 - L@S) iq (k) — weTsL—sz (k)
vi T
—wels— + —uq (k)
Ly Ly
— (Cq + Mquq (K)) (25)

where ‘m’ represents the modified value after compensation.

The modified currents are used for the second prediction
while the parameter mismatch errors are compensated in the
same way. The modified equations in the second prediction
are expressed as

R, Ly
ig (k+2) = (1 - L—AS> ig' (k + 1)+weTsLiAig‘(k+ 1)
d d
T,
+L—iud(k+1)—(Cd+Mdud(k+1)) (26)
d

. RMT \ . Ly
iq (k+2) = (1 - ?) i (k+1) —weTsL—ZAzg(k—i- 1)
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N
T,
q q
— (Cq + Mgug (k + 1)) 27)

—weTs ug (k +1)

In the end, the modified cost function is given by
2
"= (5 -k +2)" + (- +2)” @)

The flowchart of the proposed robustness improvement
method is shown in Figure 3.

( Start \) 1
) Caleulate i7" (k+1) and i (k+1)
Store wg(k-1). 114(k-1), by (24) and (25)
ia(k-1). and 7y(k-1) L
I Predict i'(k+2) and i" (k+2)
‘ Sample 7y, iy, 7c. and 0 ‘ by (26) and (27) for
each voltage vector

‘ Calculate iq(k) and 7q(k) ‘ L
1 Calculate g™ by (28) and select the
voltage vector with minimal g"

Calculate Cy, Cg. My, and M,
by (20)-(23)
|

( End )

.

FIGURE 3. Flowchart of the proposed robustness improvement method.

Firstly, the corresponding uq(k-1) and uq(k-1) for the
selected optimal voltage vector, ig(k-1), ig(k-1) are stored
to calculate the parameters for compensation. The three-
phase currents and the position of the rotor are sampled,
and then ig(k) and ig(k-1) can be obtained with the Park
transformation. The parameters for compensation of the mis-
match, i.e., Cq, Cq, Mq, and M, are calculated by (20)-(23).
Then, the currents after compensation at the (k + 1)th
instant, i.e., ifin(k + 1), ig‘(k + 1), are calculated according
to (24) and (25). The modified currents ig'(k + 2), if]n(k +2)
calculated by (26) and (27) are used for the second prediction
to compensate the time delay. At last, the modified cost
function defined in (28) is evaluated for each voltage vector,
and the voltage vector with minimal g, is selected.

IV. SIMULATION AND ANALYSIS

In order to analyze the effects of the model parameter mis-
matches on the control performance of FCS-MPCC and ver-
ify the effectiveness of the proposed robustness improvement
method, simulation is conducted with Matlab software and
the parameters of the IPMSM are given in Table 1. The
ig = 0 control method is adopted in the simulation. The sam-
ple period Ty is set to 60us and the dc bus voltage is set
to 540V.

TABLE 1. Parameters of the IPMSM.

Parameter Value
Pole pairs 4
Stator resistance 0.1Q
d-axis inductance 0.95mH
g-axis inductance 2.05mH
Permanent magnet flux linkage 0.225Wb
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A. CONTROL PERFORMANCE ANALYSIS FOR FCS-MPCC
WITH MODEL PARAMETER MISMATCH

The simulation results with the stator resistance mismatch are
shown in Figure 4 and 5, where the reference speed and load
torque are 750r/min and 40 N.m, respectively.

20 70

=
10 - —i3| —i
<o g 0 J
10 307
20
1 2 3 10} 2 3
t/s t/s

(2@ (b)

== €4 Rms

4
s YN R
T D AN A A AN gt e o

TR

40 - ‘ 1
A
-40 1
THD(i,): 9.37%—>9.39%
1 2 3 1.9 2 2.1
t/s t/s

© (d

FIGURE 4. Analysis results with the stator resistance mismatch.

(a) Curves of iy (b) Curves of iq (c) Root mean square values of the error
between ig, iq and their references (e rms. €q rms) (d) Curves of
three-phase currents.

ilA

0

In Figure 4, R" is equal to R in the interval of 1-2s and
the mismatch happens in the interval of 2-3s where R" is
equal to 2R. According to the curves of ig, iy, and the error
between ig,iq and their references as shown Figure 4 (a)-(c),
the stator resistance mismatch has few effects on the control
performance of ig, iq. The total harmonic distortion (THD) of
the phase currents as shown in Figure 4 (d) only increases
about 0.02%. In addition, the curves of eq rms, €q_RMS,
and THD of phase current with different ratios of the sta-
tor resistance mismatch are shown in Figure 5, and it is
shown that eq_rms, ¢q_rMs, and THD of phase current only
change slightly with R*/R. Accordingly, the effects of the
stator resistance mismatch on the steady performance of the
conventional FCS-MPCC are not obviously.

25 98

o &4 RMS =

o G RMS ;f/

< 21 094
=
"
17 9oL )
0.5 1, 1.5 0.5 1, 15
R/R R/R

(2) (b)

FIGURE 5. Curves of eq rms: €q rms, and THD of phase current with
different ratios of the stator resistance mismatch. (a) eq rms. €q_rms
(b) THD of phase current.

The simulation results with the permanent magnet flux
linkage mismatch are shown in Figure 6 and 7, where the
reference speed and load torque are the same as Figure 3.
In Figure 6, wa is equal to ¥ in the interval of 1-2s and the
mismatch happens in the interval of 2-3s where wf/\ is equal
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to 24¢. According to the curves of ig, ig, and the error between
ig,iq and their references as shown Figure 6 (a)-(c), the per-
manent magnet flux linkage mismatch can cause steady errors
between iq and its reference. The total harmonic distor-
tion (THD) of the phase currents as shown in Figure 6 (d)
increases about 0.24%.

ilA
(=}
A

_2()1 ) 3 10 1 2 3
ts t/s
(a) (b)
1 80
iy WWWMW
== €4 rMs ?
0 € rus| 80 THD([E) 9.37%—>9.61%
1 2 3 1.9 2 2.1
t/s t/s
(0) (d

FIGURE 6. Analysis results with the permanent magnet flux linkage
mismatch. (a) Curves of ig (b) Curves of iq (c) Root mean square values of
the error between iy, iq and their references (eq_rms: €q rms) (d) Curves
of three-phase currents.

o
W

.0

L 1.5 0. L

Ve L W 73843
(@) (b)

w

1 1.5

FIGURE 7. Curves of eq rms: €q rms, and THD of phase current with
different ratios of the permanent magnet flux linkage mismatch.
(a) eq_rms: €q_rms (b) THD of phase current.

In addition, the curves of eq rMs, €¢q_rRMs, and THD of
phase current with different ratios of permanent magnet flux
linkage mismatch are shown in Figure 7, and it is shown
that eq_rms, and THD of phase current increase with wa /e
deviation from 1.

The simulation results with Ly mismatch are shown in
Figure 8, where the reference speed and load torque are
the same as Figure 4. In Figure 8§, Lg is equal to Lq in the
interval of 1-2s and the mismatch happens in the interval
of 2-3s where LQ is equal to 0.5Ly. According to the curves
of ig, ig, and the error between iq iq and their references as
shown Figure 8 (a)-(c), the Ly mismatch can increase the
tracking errors between ig, iq and their references. The total
harmonic distortion (THD) of the phase currents as shown in
Figure 8 (d) increases from 9.37% to 13.12%.

The simulation results with Ly, mismatch are shown in
Figure 9, where the reference speed and load torque are
the same as Figure 4. In Figure 9, La is equal to Lq in the
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FIGURE 8. Analysis results with Ly mismatch. (a) Curves of iy (b) Curves
of iq (c) Root mean square values of the error between iy, iq and their
references (e4_rms: €q rms) (d) Curves of three-phase currents.
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FIGURE 9. Analysis results with Lq mismatch. (a) Curves of iy (b) Curves
of iq (c) Root mean square values of the error between iy, iq and their
references (e4_rms: €q rms) (d) Curves of three-phase currents.

interval of 1-2s and the mismatch happens in the interval of
2-3s where Lg is equal to 1.8Lg. According to the curves
of iq, iq, and the error between iq iq and their references as
shown Figure 9 (a)-(c), the Ly mismatch can increase the
tracking errors between ig, iq and their references. The total
harmonic distortion (THD) of the phase currents as shown in
Figure 9 (d) increases from 9.37% to 11.69%.

Due to the difference between Ly and Ly of IPMSM and
the coupling between the model in d and g-axis, the induc-
tance mismatch is much more complex. Figure 10 shows
the root mean square values of the error between ig, iq and
their references (eq_rms, €q_rms) With different inductance
mismatches. In the case where Lq and Lq change in a small
range (no more than £ 10%), the current errors change very
little, indicating that the conventional FCS-MPCC can resist
a small range of inductance mismatch. However, both eq_rms
and eq_rMs increase obviously with the mismatch increasing.
It can be seen that the inductance mismatch has a greater
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impact on the performance of current tracking than the stator
resistance and permanent magnet flux linkage mismatches.
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FIGURE 10. Curves of eq pys and eq grus under different inductance
mismatch. (a) eq rms (b) €q rms-

B. EFFECTIVENESS ANALYSIS OF THE PROPOSED
ROBUSTNESS IMPROVEMENT METHOD

To verify the effectiveness of the proposed robustness
improvement method, simulation results are given in
Figure 11-Figure 15, where the speed reference and load
torque are set as 750r/min and 40 N.m respectively. The
simulation time is set as 0.8s. The conventional FCS-MPCC
is applied before 0.4s, and the proposed robustness improve-
ment method is applied at 0.4s. Multiple parameter mis-
matches are set in the simulation, i.e., R is equal to 2R, LQ is
equal to 0.5Lg, La isequal to 1.2Lg, and wf/\ isequal to 1.25v.

800,
= I I
400
= / 750
=

200]

4
0 ™ 0.4 0.5

0 0.1 02 03 04 05 06 07 08
t/s

FIGURE 11. Simulation results of the speed.

Simulation results of the speed are shown in Figure 11.
According to the enlargement in Figure 11, the biggest value
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of the speed fluctuation exceeds 10r/min for the conven-
tional FCS-MPCC with multiple parameter mismatches, and
it has been reduced to 2.8r/min with the proposed robustness
improvement method.

80
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T.(N.m)

0 0.1 02 03 04 05 0.6 07 038
t/s

FIGURE 12. Simulation results of the electromagnetic torque.

Simulation results of the electromagnetic torque are shown
in Figure 12. The biggest value of the torque fluctuation is
about 37.75 N.m for the conventional FCS-MPCC with mul-
tiple parameter mismatches, and it has been reduced by about
56.3% with the proposed robustness improvement method.

!, The conventional MPCC,!, The proposed MPCC .
7, 7,

L1

10 l l ‘

(4

W

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t/s

FIGURE 13. Simulation results of iqy.

Simulation results of iy and i, are shown in Figure 13 and
Figure 14, respectively. By comparing the curves before and
after 0.4s, it can be found that the fluctuations of ig and i are
large for the conventional FCS-MPCC with multiple parame-
ter mismatches, and they have been successfully reduced with
the proposed robustness improvement method. ..

Simulation results of the phase current (i,) are shown
in Figure 15. The THD of i, is 18.57% for the conven-
tional FCS-MPCC with multiple parameter mismatches and
it has been reduced to 11.37% with the proposed robustness
improvement method.

The THD values of i, with various sample period
(T;) are shown in Figure 16 where the load torque in
Figure 16 (a) and (b) is 40 and 80 N.m. The results in
Figure 16 indicate that the THD values decrease with the
decrease of T. Compared with the conventional FCS-MPCC,
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FIGURE 15. Simulation results of ia.

the current harmonic has been decreased with the proposed
FCS-MPCC.

30 12
The conventional MPCC "] The conventional MPCC_~7
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210 2

0 The proposed MPCC 0 The proposed MPCC
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FIGURE 16. THD values of i with various sample period. (a) The load
torque is 40 N.m. (b) The load torque is 80 N.m.

To analyze the dynamic characteristic of the FCS-MPCC
with the proposed robustness improvement method, simu-
lation results with load torque sudden change from 40N.m
to 8ON.m at 1.0s are shown in Figure 17. The curves of
the speed, ig, and iy are shown in Figure 17 (a), (b), and (c),
respectively. As shown in the enlargement of the speed in
Figure 17 (a), the speed can reach its reference in 8ms
with the load torque sudden change from 40N.m to 8ON.m.
The currents can also track their references according to the
enlargements of the curves of ig and .

Accordingly, the above simulation results indicate the
FCS-MPCC with the proposed robustness improvement
method can realize satisfied steady-state and dynamic perfor-
mances with model parameter mismatches.

93388

800

LT il |
780 { 740 "
e
‘§ 760 | '/72%.98 099 1.00 1,01 1.02_|
% 740 v
720 |
700
0.8 0.9 1.0 1.1 1.2
t/s
(a)
20 T T T T : T -

099 | 100 || 101

0.8 0.9

FIGURE 17. Simulation results with load torque sudden change. (a) Speed
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C. COMPARATIVE ANALYSIS

Comparative analysis is given in this part to illustrate the
advantages of the proposed method. Comparative results of
iq, id, ia, and the root-mean-square values of the electromag-
netic torque ripples are given in Figure 18-21, where the
results of the conventional FCS-MPCC without parameter
mismatches, the conventional FCS-MPCC with parameter
mismatches, the robust FCS-MPCC proposed in [19] and the
proposed FCS-MPCC are shown in Figure 18-21 (a), (b), (¢),
and (d), respectively. Two cases of parameter mismatches are
simulated, i.e., in the process of @ as shown in Figure 18-21,
R” is equal to 2R, L; is equal to 0.5L4, La is equal to 1.2L,,
and w; is equal to 1.25v, while, in the process of @, R is
equal to 0.5R, Lg is equal to 2L, La is equal to 0.5Lg, and l/ffA
is equal to 0.4v. In Figure 18-21, the speed reference and
load torque are set as 750r/min and 80 N.m respectively.

By observing Figure 18, the fluctuation of iy for the con-
ventional FCS-MPCC in the parameter mismatches process
of @ increases obviously compared with the conventional
FCS-MPCC without parameter mismatches. In addition,
there is a steady-state error of iq in the parameter mismatches
process of @ for the conventional FCS-MPCC. As shown in
Figure 18 (c), the steady-state error of ig in the parameter
mismatches process of @ can be mitigated with the robust
FCS-MPCC proposed in [19] where a newly designed cost
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FIGURE 18. Comparative results of ig. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

function in proportional-integral form is adopted. However,
the fluctuation of iq as shown in Figure 18 (c¢) is still high.
With the proposed FCS-MPCC, both the steady-state error
and the fluctuation have been decreased. The curves shown
in Figure 18 (d) for the proposed FCS-MPCC are almost
the same as Figure 18 (a) for the conventional FCS-MPCC
without parameter mismatches.

By observing Figure 19, the fluctuation of ig for the con-
ventional FCS-MPCC in the parameter mismatches process
of @ increases obviously compared with the conventional
FCS-MPCC without parameter mismatches.
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FIGURE 19. Comparative results of iy. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

In addition, there is a steady-state error of iq in the param-
eter mismatches process of @ for the conventional FCS-
MPCC. As shown in Figure 19 (c), the steady-state error of iy
in the parameter mismatches process of @ can be mitigated
with the robust FCS-MPCC proposed in [19]. However, the
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fluctuation of iy as shown in Figure 19 (c) is still high. With
the proposed FCS-MPCC, both the steady-state error and
the fluctuation of ig have been decreased. The curves shown
in Figure 19 (d) for the proposed FCS-MPCC are almost
the same as Figure 19 (a) for the conventional FCS-MPCC
without parameter mismatches.

As shown in Figure 20 (a), the THD value of i, for the
conventional MPCC without parameter mismatches is 4.87%,
and it increases to 8.54% and 8.94% in the parameter mis-
matches process of @ and @, respectively. The harmonic
contents in the phase current increase substantially with the
conventional MPCC in the process of parameter mismatches.
As shown in Figure 20 (c), the THD values of i, for the
robust MPCC proposed in [19] are 7.95% and 8.86% in
the parameter mismatches process of @ and @, respectively.
The THD values in the phase current decrease to 4.93% and
4.97% with the proposed method, which are similar as the
conventional MPCC without parameter mismatches.

@ @
THD=8.54% | THD=8.94%

f /\ \ /V\[R
'\/vvw U \

-100
045 050 030 035 040 045 050

100 100
THD=4.87%

A
50 \U \‘,I rlvl gJ \v/\\‘ | ‘llg Llj \ : -

030 035 040

i(A)

i(A)
= =]
i ——
i —
N

1(s) 1(s)
@ & )] O
L (1) &) . 1) 2
100 = 1 100 L =
THD=7.95% | THD=8.86% THD=4.93% | THD=4.97%
504 A
I

—

\FV'\

f ‘ | H ﬁ\ | | l‘ f ‘h ]
@0/";;!";\\ ﬂ\go \\li\{fl H\M
-SOKJU'N% \ 50u\\\lb\}\j
-1%0.30 035 040 045 0.50 _108.30 035 040 045 050
1(s) t(s)
© (d)

FIGURE 20. Comparative results of ia. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

As shown in Figure 21, the fluctuation of 7. for the
conventional FCS-MPCC in the parameter mismatches pro-
cess increases obviously compared with the conventional
FCS-MPCC without parameter mismatches. The root-mean-
square value of the electromagnetic torque ripples (Té\ RMS)
for the conventional FCS-MPCC without parameter mis-
matches is 2.51 N.m, and it increases to 5.52 and 3.01 N.m in
the parameter mismatches process of @ and @, respectively.
The ripples in the electromagnetic torque increase substan-
tially with the conventional MPCC in the process of parame-
ter mismatches. As shown in Figure 21 (c), TeA rms has been
reduced slightly with the method in [19]. With the proposed
method, TeA rms has been reduced to 2.52 and 2.53N.m,
which are similar as the FCS-MPCC without parameter
mismatches.

93389



IEEE Access

C. Li et al.: Analysis and Robustness Improvement of Finite-Control-Set Model Predictive Current Control

©) ” @

T s = 5.52N.m: T, s = 3-0IN.m

|

T, pas = 251N,
E9pf —  * — 2 90 j

60
030 035 040 045 050 )()_30 0.35

60 '

030 035 040 045 050 030 035 040 045 050
t(s) i(s)
(c) (d)

1
040 045 050
(s) l(bs)

100 | 0 % o 100 - (m) 2
= 50 [ Tass 5295Nm £ o0 | T =252Nm | T, =2.53Nm

' Z
< 80 g 80
<270 £&'70 i

D

FIGURE 21. Comparative results of Te. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

Comparative results of Té\ rMms With various load torque
are shown in Figure 22. In the two cases of the parameter
mismatches, both the torque ripples can be greatly reduced
with the proposed method. For the parameter mismatches
process of @ , the torque ripples of the proposed method,
as shown in Figure 22(a) have been reduced by more than
54.4% compared with the conventional FCS-MPCC. For the
parameter mismatches process of @, the torque ripples of
the proposed method, as shown in Figure 22(b) have been
reduced by more than 16.3% compared with the conven-
tional FCS-MPCC. The newly designed cost function in
proportional-integral form in [19] is helpful to decrease the
steady-state error of iy and iy. According to the comparative
results shown in Figure 18-22, the proposed method can
realize better performances than the FCS-MPCC proposed
in [19] in the aspects of current harmonics and torque ripples.

V. EXPERIMENTAL VERIFICATION

The proposed MPCC is implemented on a PMSM drive
platform of which the photos are shown in Figure 23.
The experimental platform includes a TMSF28377D con-
trol board, 2L-VSI, power supply, PC, the tested IPMSM
(Motor 1) and an extra IPMSM to offer the load torque
(Motor 2). Motor 2 is controlled by another inverter and it can
work in both speed and torque control mode. The proposed
FCS-MPCC is implemented on a 4 pole-pairs IPMSM drive
platform based on a 2L-VSI of which the dc bus voltage
is about 540V. The current probes are adopted to measure
the phase current and the curves of id, iq, and the speed
are measured with a digital-to-analog chip on the control
board. The stator resistance (Rg), d-axis inductance (Lgp),
g-axis inductance (Lqo), permanent magnet flux linkage (¥o)
of the IPMSM which are obtained by off-line identification
are 0.1€2, 0.95mH, 2.05mH, and 0.225Wb, respectively. For
the FCS-MPCC, the sampling period (Ts) is set as 60us.
The reference of i is obtained by a proportional-integral-
controller based speed control loop and the reference of ig
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(a) R* is equal to 2R, LQ is equal to 0.5L4, La is equal to 1.2Lq, and ]/I'fA is
equal to 1.25y; (b) R” is equal to 0.5R, L} is equal to 2L4, Ly is equal to

0.5Lq, and y; is equal to 0.4yy.

with various load torque.

is set as 0. In the experiment, the reference of the speed is set
as 750 r/min and the load torque is about SON.m.

The experimental results for both the conventional and pro-
posed FCS-MPCC with parameter mismatches are given in
Figure 24-26, where the parameters adopted in the prediction
satisfy R" = 3R, L) = 0.4Lqo, Lg = 4Lqo, and wa = 2.

Curves of ig and iq of the conventional and proposed FCS-
MPCC are shown in Figure 24 and Figure 25, respectively.
It can be seen that both iy and iq of the conventional
FCS-MPCC can not accurately track the reference current
under this case. The steady-state error of ig and iq caused
by parameter mismatches for the conventional FCS-MPCC
is about 26.8A and 27.5A, respectively. Fortunately, with the
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proposed robustness improvement method, the steady-state
error of ig and iy have been reduced to 0.67A and 1.65A,
respectively. It’s even worse that there are large distortions
on the currents for the conventional method, i.e., the root
mean square value of the tracking error of ig and iq is
about 31.38A and 32.76A, respectively. Fortunately, with the
proposed robustness improvement method, the root mean
square value of the tracking error of iq and iq has been
reduced to 9.28A and 5.65A, respectively. For the con-
ventional FCS-MPCC with parameter mismatches, the poor
current tracking will deteriorate system performances. Con-
versely, the proposed FCS-MPCC achieves fairly good cur-
rent tracking performances.
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FIGURE 23. Photos of the experimental platform. (a) 2L-VSI (b) The tested
and load motors (c) PC with CCS software.

The current of phase ‘a’ of the IPMSM (i,) is also measured
in the steady state, which is shown in Figure 26. In the conven-
tional FCS-MPCC, the waveform is greatly distorted result-
ing from parameter mismatches. The THD of i, as shown
in Figure 26 (a) is 25.30% and there are a large amount of
low-order harmonics. By the implementation of the proposed
robustness improvement method, the current quality can be
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FIGURE 26. Curves of iz of the conventional and proposed FCS-MPCC.

effectively promoted as shown in Figure 26(b) and the THD
has been reduced to 15.92%.

Accordingly, the above analysis indicates that the pro-
posed robustness improvement method is effective and it can
achieve satisfactory performance in the case where multiple
parameters of IPMSM are mismatched. Compared with the
conventional FCS-MPCC for IPMSM, the proposed method
increases some computational complexity. The implemen-
tation time of the proposed increases about 1.7 us, which
is only 2.83% of the sampling period. Accordingly, the
increased computational complexity has little impact with the
adopted TMSF28377D control board.

The current transient response results with the proposed
method is shown in Figure 27. The speed keeps 750 r/min
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FIGURE 27. Current transient response results with the proposed
FCS-MPCC.

through the speed controller of the load motor and the ref-
erence of iy for the tested IPMSM changes suddenly from
30A to 60A. According to the enlargement in Figure 27,
iq can track the step change within 0.65ms, which indicate
the excellent dynamic performance of the proposed method.

The proposed MPCC The method in [19]

|—z‘q’_iq Offset=100A [

i, (40A/div)

q
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FIGURE 28. Comparative results of iq between the proposed method and
the method proposed in [19].

The proposed MPCC The method in [19]
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FIGURE 29. Comparative results of iy between the proposed method and
the method proposed in [19].

Comparative analysis between the proposed method and
the robust FCS-MPCC proposed in [19] is experimentally
studied. Comparative results of iy and iq are shown in
Figure 28 and 29, respectively. By comparing Figure 25 with
Figure 28, the steady-state error of iy can be mitigated with
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both the proposed method and the method in [19]. The root-
mean square values of the ripples of iq with the proposed
method and the method in [19] are 5.65 and 25.64A. By com-
paring Figure 24 with Figure 29, the steady-state error of
ig can be mitigated with both the proposed method and the
method in [19]. The root-mean square values of the ripples
of ig with the proposed method and the method in [19] are
9.28 and 19.32A. Accordingly, the proposed method can
realize better performances in the aspect of current tracking
compared with the previously studied method in [19].

VI. CONCLUSION

In this paper, the prediction error caused by model parameter
mismatches in the two-step prediction considering the time-
delay compensation is analyzed and a robustness improve-
ment method is proposed to depress the model parameter
sensitivity. The conclusion is given as follows:

1) The prediction errors with parameter mismatches of the
stator resistance, magnetic flux linkage, inductances in both
d and q axes are studied. The mismatches of stator resistance
and magnetic flux linkage mainly cause the steady-state error
of the current tracking, while the mismatches of inductances
cause both the steady-state error and the increase of the
current ripples.

2) The parameter mismatch compensation method by cal-
culating the prediction errors which have been divided into
two kinds can mitigate the steady-state error of the current
tracking and reduce the current harmonics caused by param-
eter mismatches.

3) The simulation and experimental results indicate that
the proposed method can deal with multiple parameter
mismatches and the control performances of the proposed
method including the steady-state errors of current tracking,
current harmonics, and torque ripples can ensure almost the
same as the FCS-MPCC without parameter mismatches. The
torque ripples of the proposed method can be reduced by
more than 54.4% and 16.3% compared with the conventional
FCS-MPCC in the parameter mismatches process of @ and
®@, respectively.
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