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Abstract: In this paper, the effects of inaccurate DC bus voltage measurement are analyzed to model
predictive current-controlled permanent magnet synchronous motor (PMSM) drives. It is found that
the selection of the optimal space vector is affected by inaccurate DC bus voltage measurements,
and the shortest distance principle is proposed to evaluate the effects. With the under-voltage
measurement, the actual g axis current is always larger than the reference value, and PMSM may
be damaged by the over-current phenomenon. However, the actual g axis current is always smaller
than the reference value with the over-voltage measurement, and the rated torque capacity cannot
be properly used. The effects of the over-voltage measurement are more serious than those of the
under-voltage measurement. Additionally, the larger DC bus voltage measurement error can result
in more serious effects than with the over-voltage measurement. Considering the limited variation
range of the actual DC bus voltage, the rated value can be set as the measured value and the effects
can be neglected. However, the effects should be taken into account if the variation range of the actual
DC bus voltage is large. All the theoretical analyses are verified by experimental results.

Keywords: model predictive current control (MPCC); permanent-magnet synchronous motor (PMSM);
DC bus voltage; shortest distance principle

1. Introduction

As aresult of their high efficiency, high power density, and high torque-to-inertia ratio, permanent
magnet synchronous motors (PMSMs) have been widely used recently [1-8]. Model predictive control
(MPC) has recently attracted more attention because of its excellent performance aspects, such as
its fast dynamic response, simple modeling, and multiconstraint control [9-15]. Based on the finite
voltage vector set and the system model, MPC predicts the future behavior of control variables, such
as the current, torque, and stator flux [12-14]. A cost function is designed according to the errors
between the reference and predicted values, and the best voltage vector can be selected to minimize
the cost function [15]. Compared with conventional direct torque control (DTC) and hysteresis current
control (HCC), MPC performs better in multiobjective optimization of complicated drive systems, since
a cost function is adopted [16-18]. Compared with the conventional proportional integral derivative
(PID) control, model predictive current control (MPCC) has faster dynamic response, a lower current
ratio, and fewer parameter adjustments, since no PID regulator is adopted [19,20]. Recently, artificial
intelligence (AI) techniques, such as the artificial ant clustering technique, neural network algorithm,
and fuzzy control method, have attracted more attention and have been successfully applied in fault
diagnosis and motor modeling [21-23]. However, Al techniques have not been widely applied in
motor drives, since they have heavy computation burden compared with MPC.
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So far, various MPC formulations have been proposed for PMSM drives, and they can be mainly
categorized into model predictive torque control (MPTC) [22] and model predictive current control
(MPCC) [23]. In MPTC, torque and stator flux are selected as the control variables, and their errors are
combined together to form a cost function. However, a weighting factor is required in the cost function,
since both the torque and the stator flux have different units [24]. Additionally, the torque and the stator
flux usually cannot be measured easily, and they are usually estimated by mathematical observers.
In MPCC, the control variables are direct and quadrature axis currents, which can be measured by
sensors directly. Furthermore, the weighting factor can be eliminated in MPCC, since both control
variables have same units.

In order to predict future control variables of MPC, several input signals are required for the
PMSM model. For example, the DC bus voltage is required to reconstruct voltage vectors, and it is
usually measured by a voltage sensor in both MPTC and MPCC. However, the voltage sensor may
experience static electricity corrosion, high humidity, high temperature, and mechanical vibration [25].
Hence, specific voltage sensor faults (VSFs) may occur, such as temperature drift, zero offset, gain
variation, and signal loss [26-29]. As a result, the DC bus voltage measurement error will appear.
In [30,31], the effects of inaccurate DC bus voltage in three-phase AC/DC converters are analyzed
and voltage compensation strategies are proposed to solve the voltage mismatch. Several voltage
observers are built to estimate the DC bus voltage [32—40]. In automotive systems, a nonlinear DC
bus voltage observer was designed to deal with the information of real-time PWM cycles in both
traction and charger modes [32]. One study [33] developed an adaptive observer for induction motor
drives to estimate the DC bus voltage. Another study [32] proposed a fault-tolerant control scheme
consisting of two higher order sliding mode observers and one Luenberger observer (LO) against
VSFs. For PMSM drive systems, the model reference adaptive (MRA) method is adopted in [35,36]
for online DC voltage identification. Compared with other observers, the MRA method is relatively
easy to implement, while its estimation precision heavily depends on motor parameters [36]. In [37],
a sliding-mode MRA observer is developed to quickly obtain accurate DC bus voltage values against
motor parameter uncertainty and external disturbances.

Unfortunately, to the best of authors” knowledge, no existing literature has discussed the effects
of inaccurate DC bus voltage measurement on MPCC-PMSM drives. The aim of this paper is to
discuss these effects, which is the main contribution of this paper. This paper is organized as follows.
The studied MPCC-PMSM drive is described in Section 2. The effects of the inaccurate DC bus voltage
measurement on MPCC-PMSM are analyzed in Section 3. Experiments are carried out in Section 4 to
verify the theoretical analysis. Finally, conclusions are drawn in Section 5.

2. Studied MPCC-PMSM Drive

The studied MPCC-PMSM drive system is illustrated in Figure 1, in which the surface-mounted
PMSM is fed by a voltage source inverter (VSI). The DC bus voltage upc is measured by a voltage
sensor. To simplify analysis, two assumptions are defined as follows:

(1) The variations of both the electrical rotor position 6, and the electrical angular speed w, of PMSM
can be neglected in one sampling period T;

(2) The stator inductance Ls, the stator resistance Rs, and the permanent magnet flux 1, remain
unchanged during the entire operation.
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Figure 1. Studied model predictive current control permanent magnet synchronous motor
(MPCC-PMSM) drive system.

2.1. Current Prediction

In this paper, d axis and g axis currents of the PMSM are chosen as control variables. The voltage
equation of the PMSM in the d-q coordinate system can be established as
ug = Reig + Lsdiy/dt — welLgiq (1)

ug = Rsig + Lsdig/dt + we(Laig + Ypm)

where 1y, ug, ig, and i, are voltages and currents in the d-q coordinate system. Considering the discrete
time state—space model with a sampling period T, the current differential is

dilk) _i(k+1) —i(k)

dt T, @)

where i(k) is the sensed current in the kth sampling period.
Substituting Equation (2) into Equation (1) gives

{ ig(k+1) = Aig(k) + Big(k) + Cugy(k) 3)
ig(k+1) = —Biy(k) 4 Aiy(k) + Cug(k) — Dpm
with
A=1-RsTs/Ls,B = Tsw,,C = Ts/Ls, me = Tscug(ppm/Ls 4)
T
[1a(k) 1ug(k)]" = Ts/2sttac (k) (50 s 5a] " 3)

where T3, is the transformation matrix from the abc coordinate system to the d-q coordinate system;
(Sa, Sp, s¢) is the space vector (SV) of the voltage source inverter (VSI) and the switch state s, is defined as:

Sy = { 1 if x-th leg upper switch is ON (x=a,b,c) (©)

0 if x-th leg lower switch is ON
All candidate SVs are listed in Table 1.

Table 1. Space vectors (SVs) of the MPCC.

SV Uy u, u, us Uy Us U, u,
Saspsc 000 100 110 010 011 001 101 111
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2.2. Cost Fucntion

The cost function is designed to evaluate the performance of predicted currents. Usually, the
deviation between the predicted value and reference value is considered. It is obvious that a smaller
current deviation represents better performance of the corresponding SV. As a result, the cost function
is designed as

Jn = [i5(k+1) = iga(k+ 1) + [i5 (k+ 1) = igu (k+ 1))*, n=0,1...7 @)

which is designed to evaluate the deviation between the reference and predicted currents. A smaller
cost function means less current tracking error and better performance. To acquire maximum torque
per ampere (MTPA), the reference d axis current 7, (k + 1) is set as 0 and the reference g axis current
iy (k+ 1) is the output of the speed regulator. The superscript n shows that the SV U, in Table 1 is used
to calculate iz, (k + 1), ign(k + 1), and J;;. The optimal SV Uy, is chosen to minimize cost function J,

Jop = min J, (8)

0<n<7

3. Effect Analysis

In this paper, the DC bus voltage measurement error Aupc is defined as the difference between

m

the measured DC bus voltage 1/ and the actual value up; that is, Aupc = u A

dc
measurements are defined as follows.

— upc. Three different

(1) Accurate measurement: Aupc =0;
(2) Under-voltage measurement: Aupc < 0;
(3) Over-voltage measurement: Aupc > 0;

Both the under-voltage and over-voltage measurements are also part of the inaccurate measurement.
The effects of Aupc will be analyzed in this section.

3.1. Simplification of Cost Function

To simplify the analysis, the cost function (Equation (7)) is simplified in this subsection. According
to Equations (3) and (4), the current prediction can be presented as

ey =m0 [ e - o

e[ ke 58 ol ]

where d- and g axis voltages are expressed as

with

g (k) ] 1 [ ig(k+1) ] [ iq (k) ]
=M . -P| . + 10
[ ug (k) ( ig(k+1) iq(k) Q) (19
Substituting 7 (k + 1) and i (k 4 1) into Equation (10) gives the reference d axis and g axis voltages
u}; and ug as
u;]:M_l[i;(k—i-l)]_P[ id(k)]+ 1
[ s ( i+ k) | T ()
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According to Equation (11), the reference voltage vector U is mainly determined by Uy, since u7 is
usually very small. Therefore, the effects of inaccurate measurement can be neglected for the d axis

current. Comparing Equations (11) to (10), the voltage error can be calculated by

u;—ud(k) :M_l i;(k—Fl)—id(k—Fl) 12
[ uy — g (k) (k+1)—ig(k+1) (12)

According to Equation (12), Equation (7) can be simplified as
Jn = C{[”; - udn(k)]z + [u; - qu(k)]z}/ n=0,1...7 (13)

where u4,(k) and ugy (k) are the d axis and g axis voltages calculated from the SV Uj.
Considering the transformation between d-g and a-f coordinate systems, then

ug | sinf, cos6, Uy (14)
ug | | —cosB sin0, ug
Substituting Equation (14) into Equation (13) gives

Ju = Cl(uh, = tan)® + (= ugn)?],n=0,1...7 (15)
where u;, and uj are the reference a axis and f axis voltages, respectively; u,, and ug, are a axis and f§
axis voltages ofﬁ U, respectively.

The initial cost function (Equation (7)) consists of the measurement errors between reference and
predictive currents. However, the simplified method (Equation (15)) adopts the measurement errors
between reference and predictive a-f axis voltages. If u}, and u} can be implemented (u}, = 115, and
u; = uﬁn), the cost function J,; will be minimized to zero. According to Table 2, however, the number of
candidate SVs is only eight, and u}, and u, usually cannot be realized. The minimization of Equation
(15) acts to find the nearest SV [uay, ug,] to the reference voltage vector [ug, u;‘g].

Table 2. SVs in the a-$ coordinate system.

SV Uy + juﬁ
U, 0
u; 2/3 upc

Uz  (1/3+jV3/3) upc
Us  (-1/3+jV3/3) upc
U4 —2/3 Upc

Us  (-1/3-jV3/3) upc
Us  (1/3-jV3/3)upc
u- 0

The distance of U}, is defined as L,, which can be calculated by

Ly = /(1 = ttan)® + (1% — ugy)?, n = 0,1...7 (16)
B~ "B

Considering both Equations (15) and (16), the optimal SV U, should have the shortest distance,
which is defined as the shortest distance principle in this paper. According to the shortest distance
principle, the distribution of the reference voltage vector U can be divided into seven sectors
(Sectors 0-6), as illustrated in Figure 2. In Sector 1, the optimal SV is U,,. For example, when uis
located in point Q1, as shown in Figure 2, Uj is selected as the optimal SV. A central hexagon with
a radial length of 1/3upc is defined as Sector 0, and a zero SV is chosen by the minimum switching



Energies 2020, 13, 353 6 of 15

actions principle. For example, Uy or Uy should be selected as the optimal SVs for point Q2, as shown
in Figure 2.

Sector 0

%

Sector 4

Figure 2. Distribution of reference voltage vector with accurate measurement.

3.2. Under-Voltage Measurement

With the under-voltage measurement, the distributions of the reference voltage vector U~ for both
uyy and upc are illustrated in Figure 3, in which the affected zone is highlighted in green, while the
non-affected zones are white.

Se,
Kot A “oy.

¢ >
e \ ' 230
U, |y,
\

1/3u,.

Sector 0

Figure 3. Distribution of reference voltage vector with under-voltage measurement.

To evaluate the effect, the priority of U}, is defined as

6

Hn:Z(anLk) n=0,1,...6 (17)
k=0

According to Equation (17), U}, is defined as the (Hn)th optimal SV. Obviously, smaller H, means
that U, is better for minimizing the cost function. Especially, U}, is considered as the first optimal SV
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Uop if Hy = 1. It should be emphasized that the priority is determined according to the actual DC bus
voltage upc in this paper, regardless of whether the DC bus voltage measurement error exists.

If the first optimal SV is determined by u7, however, its priority may be not 1, since the DC
bus voltage measurement error exists. To differ from the actual first optimal SV, the first optimal SV
determined by u7’ is defined as the pseudo first optimal SV in this paper. According to the priority
of the pseudo first optimal SV, the whole distribution of the reference voltage vector is divided into
two zones, as shown in A-1 (white) and A-2 (green) in Figure 3. The priorities of the pseudo first
optimal SVs in A-1 and A-2 are 1 and 2, respectively. Obviously, A-2 (green) is the affected zone.
If the reference voltage vector U’ is located in A-2 (green), the selected SV is the first optimal one
for u;”C, but the second optimal one for upc. In fact, the first optimal SV for upc should be a zero SV
instead of an active one. Compared with the accurate measurement, more active SVs are selected in the
under-voltage measurement. Therefore, the actual g axis current i, is always larger than the reference
value i;. However, the difference between i, and i; is usually small, since the second optimal SV in the
affected zone also can be considered as a good selection.

3.3. Over-Voltage Measurement

With the over-voltage measurement, the distributions of the reference voltage vector U’ for uy

and upc are illustrated in Figure 4. Compared with Figure 3, a new affected zone A-3 (blue) appears
in Figure 4, in which the priority of the pseudo first optimal SV is 3. Taking the point Q4 shown in
Figure 4 as an example, the zero SV is the first optimal SV for v}, but the third optimal SV for upc.
In fact, the first optimal SV for upc is an active SV, but it is replaced by a zero SV for 1] in the affected
zone. Therefore, less active SVs are selected, and the actual g axis current iq is always smaller than the

reference value i,;.

- -

SG v US U6 \Ogb

€
(0)8
l\)\ %ec’

Figure 4. Distribution of reference voltage vector with over-voltage measurement.

Due to the existence of A-3 (blue), the effect of the over-voltage measurement is more serious than
that of the under-voltage measurement. It can be found that affected zones A-2 and A-3 are restricted
in the hexagon ring. The area proportions of A-2 (green) and A-3 (blue) in the hexagon ring vary
with the voltage ratio y (y = u}j'/upc), as shown in Figure 5. It can be seen that the area proportion of
A-3 is increased with the increase of y. Therefore, the effect will become more serious with a higher
voltage ratio y. It should be emphasized that the value range of y depends on the characteristics of
the voltage sensor and system requirements. Usually, there is a range of DC bus voltage changes in
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normal operations according to the system requirements. For example, the DC bus voltage of a subway
traction system usually varies from 1200 V to 1800 V, while the rated value is 1500 V.

—— A2UA-2+A3) —— A-3/(A-2+A-3)

Area proportion

Figure 5. Area proportions of A-2 and A-3 for y.

3.4. Reliability Analysis

In this paper, both A-1 (white) and A-2 (green) are defined as reliable zones, and A-3 (blue) is
defined as the unreliable zone. With the under-voltage measurement, all zones are reliable, as shown
in Figure 3. With the over-voltage measurement, however, the unreliable zone will appear, as shown
in Figure 4, and it will be increased with the increase of y, as shown in Figure 5. Usually, y is very
close to 1, and the unreliable zone is very small, as shown in Figure 5. However, y may be far from
1 once the voltage sensor fails. In this situation, the MPCC will be affected if u"i”C is still used in the
current prediction. Fortunately, the actual DC bus voltage cannot significantly differ from the rated
value in normal operations, which is the system requirement. For example, the DC bus voltage of
a subway traction system usually varies from 1200 V to 1800 V, while the rated value is 1500 V. Hence,
the measured DC bus voltage can be replaced with the rated value if their difference is very large.
Therefore, the unreliable zone can be neglected for MPCC.

Even though the unreliable zone is small, it is still possible to locate the reference voltage vector
U’ in A-3. The position of the reference voltage vector U depends on the synchronous current tracking
errors, which cannot be too large; otherwise, U" will move into the reliable zone, since the unreliable
zone is surrounded by the reliable zone in two directions (inside and outside, shown in Figure 4).

3.5. Effects of Sampling Period

The effects of the sampling period are evaluated for MPCC in this subsection. As is well known,
the current ripples will deteriorate with a longer sampling period. On the other hand, the longer
sampling period will reduce the average value of U, and it is more likely to be located in A-2 and A-3
zones. As a result, the static current error will become larger, which is verified by simulation results
in Figure 6. Simulation parameters of PMSM are shown in Table 3, and the speed command is set to
400 r/min. The nominal value of the DC bus voltage is set to 300 V. In simulation validation, the u/j_
is set to 100 V, upc, and 500 V with different sampling periods, respectively. Obviously, the static
current error can be reduced by increasing the sampling frequency. However, the sampling frequency

sometimes is limited by the system features.
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Figure 6. Simulation results of steady-state performance with sampling periods of (a) 25 ps, (b) 50 us,
and (c) 75 ps.

Table 3. Parameters of a traction permanent magnet synchronous motor (PMSM).

Parameter Value
Rated phase current 10 A
Stator resistance Rq 0.65 Q)
Stator inductance Lg 7.9 mH
Permanent magnet flux ¢py 0.41 Wb
Number of pole pairs P, 4

4. Experimental Validation

To verify the effectiveness of the theoretical analysis, an experiment platform is developed,
as shown in Figure 7. The traction PMSM is controlled by one three-leg VSI and its parameters are
listed in Table 3. The load is provided by one PMSM with an encoder of 1024 pulses per revolution.
The load is realized by the closed-loop torque control of the load PMSM by using field-oriented control
(FOC). The control program is implemented in a dSPACE DS1103 controller. The inputs for the dSPACE
DS1103 controller are the measured line currents and the DC bus voltage, as well as the feedback
signal of the encoder. The switch states for the VSI are generated by the dSPACE DS1103 controller.
A personal computer is employed to edit the control program and command the dSPACE DS1103
controller. The sampling frequency is 20 kHz. The nominal value of the DC bus voltage is 300 V, which
is provided by a three-phase rectifier. The speed controller is realized by a proportion-integration (PI)
regulator, in which the coefficients of proportional and integral parts are set to 0.05 and 0.2, respectively.

dSPACE DS1103 Control circuit VSI

Transformer Encoder Load PMSM Traction PMSM

Figure 7. Experimental platform. Note: VSI = voltage source inverter.
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4.1. Steady-State Operation

Steady-state performances with different measurements are provided in this experiment, in which
the speed is 800 r/min and the measured DC bus voltage varies from 100 V to 800 V. The experimental
results are illustrated in Figure 8 and are divided into six stages, including two under-voltage
measurement stages (stage 1: 100 V; stage 2: 200 V), one accurate measurement stage (stage 3), and
three over-voltage measurement stages (stage 4: 400 V; stage 5: 600 V; stage 6: 800 V).

Stage | Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

1000
800
S 600
%400
200

%

—— et e -

1000
= 800

e ok i ol e e R

B o S e T P E S

(

D-axis current (A)
<

Q-axis current (A)
s

2

b b o n o

Phase current (A)

T

8

Ry |

|

| 12
Time (s)

Figure 8. Steady-state performance with DC bus voltage measurement errors.

As shown in Figure 8, the actual currents are almost not affected by the DC bus voltage
measurement errors in the steady-state operation. However, the reference g axis current is affected
by the DC bus voltage measurement errors, and this effect becomes more serious when the DC bus
voltage measurement error is larger. It can be found that reference g axis current is smaller than
the actual value in the under-voltage measurement, while it is larger than the actual current in the
over-voltage measurement.

The average current deviation Ai, of the steady-state operation is defined as

1 N
Big = 53 2, li0) = ig(K)] (18)
k=1

The Ai; values with different 1} in steady-state operation are shown in Figure 9. As shown
in Figure 9, the values of the current errors are very small, and their polarities are symmetrical for
over-voltage error and under-voltage error.
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Figure 9. The Aiq values with different u;"c in steady-state operation.

4.2. Toruge Response

110f15

In this experiment, the speed command is set to 800 r/min and the torque command T,* changes from
—20 Nm to 20 Nm, and then returns to =20 Nm. The measured DC bus voltages with the under-voltage
and over-voltage measurements are set to 100 V and 500 V, respectively. The experimental results are
illustrated in Figure 10. It can be seen in Figure 10 that MPCC has the same torque response for three
different measurements. This can be explained as follows. According to Equation (12), the magnitude
of the reference voltage vector U’ is large during the torque response procedure. Therefore, U is rarely
located in the affected zone.
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— 20 it . —~ 20 — .
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o 0 f o 0 :
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30 30f tie
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Time(ms) Time(ms)
(b)
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g 0 l g O SRt
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i fe——Te
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" [
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Time(ms)

17

Figure 10. Torque response performances for (a) accurate measurement, (b) under-voltage measurement,

and (c) over-voltage measurement.
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4.3. Speed Response

12 0f 15

In this experiment, the speed command changes from 200 r/min to 800 r/min, and then returns to
200 r/min. The measured DC bus voltages with the under-voltage and over-voltage measurements

are also set to 100 V and 500 V, respectively. The experimental results are illustrated in Figures 11-13.
It can be seen that the speed response performances are nearly not affected by the DC bus voltage

measurement errors.
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Figure 11. Speed response with accurate measurement: (a) 0-5s, (b) 0.7-1.0s, (c) 2.5-2.8 s, (d) 4.04.3 5.
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Figure 12. Speed response with under-voltage measurement (a) 0-5 s, (b) 1.0-1.3 s, (c) 2.5-2.8 5, (d)
4.0~4.3 s.
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5. Conclusions

Based on the shortest distance principle, the effects of the DC bus voltage measurement error are
analyzed for MPCC-PMSM drives in this paper. It is found that the actual currents are almost not
affected, but the effects of the reference g axis current are different with inaccurate measurements:

(1) With the under-voltage measurement, the actual g axis current is always larger than the reference
one, and the MPCC-PMSM drive may be damaged by the over-current phenomenon.

(2)  With the over-voltage measurement, the actual g axis current is always smaller than the reference
one, and the normal torque capacity cannot be utilized.

For the purpose of safety, the variation range of the actual DC bus voltage is usually limited.
Therefore, current deviations are usually very small and can be neglected. In fact, MPCC cannot
perform adequately for some measurement errors, such as the measurement errors of phase currents
and rotor positions. Usually, the performance of the MPCC will be affected by these measurement
errors. However, the effects of these measurement errors are not the aim of this paper, so they are not
discussed here. On the other hand, the serious measurement error of the DC bus voltage can be easily
detected by comparing this with the normal variation range of the DC bus voltage. If the variation
range of the DC bus voltage is large, it is suggested to replace the measured DC bus voltage with the
rated value.
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