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Abstract: In this study, a robust predictive power control (R-PPC) method for an N*3-phase perma-
nent magnet synchronous motor (PMSM) is developed in the field of flywheel energy storage systems
application, which can effectively improve robustness against inductance parameter mismatch and
compensate for the one-beat delay. Firstly, the mathematical model of the N*3-phase PMSM is
illustrated, and the topological structure of the N*3-phase PMSM is established. The R-PPC method
of the N*3-phase PMSM is then proposed by using the d—q axis current robust predictive control
theory. Robustness factors are adopted to modify the current response values in the proposed robust
predictive power controller, which can obtain excellent current control performance under the induc-
tance parameter mismatch. Moreover, the next current predicted value is used to replace the current
sampled value in the proposed R-PPC method to eliminate the one-beat delay. Finally, comparative
simulation and experimental results verify that the proposed R-PPC method can achieve excellent
current track performance and smaller torque ripple under both the charge state and discharge state.

Keywords: N*3-phase permanent magnet synchronous motor (PMSM); robust predictive power
control; inductance parameter mismatch

1. Introduction

With the increasing demand for higher power energy storage motor drives, multi-
phase PMSMs, commonly used as energy storage motors, are becoming widely used in
flywheel energy storage systems due to their strong fault tolerance and high operating
efficiency [1-4]. Despite multi-phase PMSM having many advantages, the highly effi-
cient control of multi-phase PM motors is rather challenging because the multi-phase
PMSM is a nonlinear, strong coupling integrated control object, and, in addition, subject to
parameter disturbance.

Aiming to obtain the excellent control performance of multi-phase PMSMs, aside
from conventional proportional integral (PI) control [5], many advanced control strategies,
such as model predictive control [6] and internal model control, have been proposed. The
conventional PI control can achieve excellent steady-state control performance. However,
the conventional PI control method cannot maintain the control performance of multi-phase
PMSMs [7]. However, the model predictive control method has great advantages because
of its ability to receive both fast dynamic and static responses and to track reference values
rapidly and accurately [6]. The model predictive control method strictly depends on the
physical model of multi-phase PMSMs. The model predictive control method can achieve
excellent static tracking control performances. However, the model parameter mismatch
leads to inaccurate voltage control vectors, due to the fact that the model predictive control
method absolutely depends on the precision of the multi-phase PMSM model [8-10].
Furthermore, the one-beat delay of the digital control system also seriously degrades the
performance of the predictive control system [11].

Energies 2021, 14, 3684. https:/ /doi.org/10.3390/en14123684

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en14123684
https://doi.org/10.3390/en14123684
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14123684
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14123684?type=check_update&version=1

Energies 2021, 14, 3684

20f 17

In order to overcome the influence of the one-beat delay, some advanced control
methods have been proposed [12-17]. In [12], a novel predictive current control strategy
was presented in order to overcome the influence of the one step delay by using the current
prediction value of the next time. In [13], an improved deadbeat predictive current control
method was proposed to overcome one-step control delay and parameter mismatch. In [14],
a novel deadbeat predictive current control algorithm was presented, which can eliminate
the influence of calculating time steps of the predictive control algorithm. In [15], a novel
predictive stator flux control technique was presented to overcome parameter mismatch
and the one-step delay. In [16], a robust nonlinear predictive current control strategy was
presented to guarantee the performance of the predictive control system. In [17], a new
predictive control algorithm with a Luenberger observer was presented, which can offer
robustness against computational delay.

Model parameter mismatch is an important factor influencing the performance of the
predictive control system. Model parameter mismatch occurs as a results of errors in pa-
rameter identification or high temperatures of operation. The model parameter mismatch
leads to the inconsistency between the parameters in the actual motor system and those in
the predictive control system, rendering predicted voltage vectors inaccurate [18]. In order
to enhance robustness against model parameter mismatch, some improved predictive con-
trol methods have been presented [19-25]. In [19,20], a continuous time model predictive
control method was developed by adopting the disturbance observer-based compensation
technique, which can effectively deal with model parameter uncertainties in practical
engineering. In [21], a novel flux immunity robust predictive current control, based on an
incremental model and extended state observer, was presented, and improved inductance
robustness to eliminate any predicted errors caused by stator inductance mismatch. In [22],
a robust model predictive control was proposed to overcome the influence of unknown
external disturbances and model uncertainties by minimizing instantaneous d- and g-axes
current errors in every sampling period. In [23], a hierarchical model predictive control
strategy was proposed and analyzed, which can reduce the influence of the difference
between the nominal predicted dynamics system and the actual one. In [24], a novel
predictive functional control method with an extended state observer was proposed to
overcome external disturbance. In [25], a novel robust predictive control strategy was
developed, which can achieve excellent dynamic response and strong robustness under
parameter perturbation.

In this paper, a novel R-PPC method without disturbance observer for an N*3-phase
PMSM is presented in the field of flywheel energy storage systems application, which can
effectively enhance robustness against inductance parameter mismatch and compensate
for the influence of the one-beat delay. The N*3-phase PMSM can achieve excellent current
track performance and smaller torque ripple through the use of robustness factors. Com-
pared with the conventional PPC method, simulation and experimental results verify that
the proposed R-PPC strategy can achieve the merits of less torque ripple and lower d- and
g-axis response current ripple under the inductance parameter mismatch.

This paper is organized as follows. The mathematical model of the novel N*3-phase
PMSM is established in Section 2. The topological structure of the N*3-phase PMSM
drive system is illustrated in Section 3. The robust predictive power control of novel the
N*3-phase PMSM is proposed in Section 4. The simulation results are given in Section 5,
respectively. Section 6 concludes this paper.

2. The Mathematical Model of the N*3-Phase PMSM

In this paper, an N*3-phase PMSM is proposed to meet the capacity demand of a high
power flywheel energy storage system. The N*3-phase PMSM is composed of N motor
units. The characteristics of these motor units are repetitious, and each motor unit has
magnetic and electrical isolation characteristics. As an example, the structural diagram of a
6*3-phase PMSM is shown in Figure 1.
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Stator Windings

Figure 1. The structural diagram of a 6*3-phase PMSM.

The voltage equations of the N*3-phase PMSM can be described as [2,4]:

T L Welgj 7 ) 1)
Bigj _  Rej . i Y, 41y
a —  Loqj etdj = "L, e T L, *qj

where j stands for any unit of the motor, i;; and i,; are the d- and g-axis currents, respec-
tively; R, and L, are the stator resistance and stator inductance, respectively; w, is the
electrical rotor speed, ), is the flux linkage of permanent magnets; t is the time variable;
and u,; and u,; represent the d- and g-axis voltages of the j th winding, respectively.

The electromagnetic torque produced by the N*3-phase PMSM can be expressed
as follows:

3, Y )
T, = 721 (Ebrolqj) 2)
]:
The mechanical dynamic model of the N*3-phase PMSM can be described as follows:
J dwe
T, =L

where 7, is the number of pole pairs, | is the moment of inertia; and T, and T, are the
electromagnetic torque and load torque of the N*3-phase PMSM, respectively.

3. Topological Structure of the N*3-Phase PMSM Drive System

In order to expand the application of the N*3-phase PMSM in rail transit, a multi-
module parallel power electronics converter energy storage system is developed in this
paper. Figure 2 illustrates the topological structure of the N*3-phase PMSM drive system.

During the braking state and starting state of the train, the N*3-phase PMSM is
respectively used as a motor and generator. In the generator mode, the flywheel storage
provides energy for train acceleration through the discharge storage, while in the motor
mode, it consumes the energy of the train braking through the charging storage. When the
train decelerates to enter a station, the N*3-phase PMSM is used as the motor for charging
(i.e., power P > 0). When the train accelerates to leave the station, the N*3-phase PMSM is
used as the generator for discharging (i.e., power P < 0). According to the above analysis,
the discharging and charging control of the N*3-phase PMSM is essentially the power
control, which can obtain excellent static control performance.
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Figure 2. Topological structure of the N*3-phase PMSM system for ground rail transit.

4. Robust Predictive Power Control of the Novel N*3-Phase PMSM
4.1. Drive System of the Novel N*3-Phase PMSM

A 6*3-phase PMSM, connected with six voltage source inverters (VSIs), is used as an
example as shown in Figure 3. The proposed R-PPC method of the N*3-phase PMSM drive
system is illustrated in Figure 4. According to the characteristic analyses of the 6*3-phase
PMSM, it is known that the control of the VSIs can be analogous to that of a conventional
VSL. In this paper, a novel R-PPC method of the N*3-phase PMSM drive system is realized
by using the d—q axis current robust predictive control. Using the robustness factors, the
robust predictive current controller is adopted to modify the current response values, and
the perfect current response under the inductance parameter mismatch can be obtained. In
addition, the proposed R-PPC method can compensate for the one-beat delay of the digital

control system by using the Smith predictor.

B2 [ B [ Be [ Be | Be]
T2

Ith

2”1

6Ih

Figure 3. Connection diagram of the voltage source inverters of the 6*3-phase PMSM.
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Figure 4. Robust predictive power control method of the N*3-phase PMSM drive system.

4.2. Discrete Form Expression of the N*3-Phase PMSM

According to Equation (1), the general state equation of the N*3-phase PMSM can be
described as follow [18]:

xj(t) = Al o)y (ko) + t: "0 (Buj(t) + D)dt 4)

. _R
where T; is the sampling period, x;(t) = { 'dj },uj(t) = [ Haj ],A(t) = [ Lo wﬁo ],

Igj
1
+ 0 0
L
0 ,D = .
0 &] {—ﬁw}

When the sampling period T; is set as very short, we get,

B =

_RoTs
e Lo 1 — Rels
Lgo
_RoTs RT
an ~ _ Rols
e ~1 T 5)

cos(w,Ts) = 1
sin(w,Ts) ~ w,Ts

The discrete d- and g-axis voltage equation of the N*3-phase PMSM can be expressed
as follows:

ugj(k) = Figi(k+1) + (Ro — 52 )igj(k) — Lowe(k)igi(k) ©
“qj(k) = %iqj(k +1)+ (Ro — %’)iqj(k) + Lowe(k)idj(k) + Procwe (k)
where u4;(k + 1) and ugj(k + 1) are the d- and g-axis of the predictive current con-
troller output voltage, respectively; and iyz;(k) and iy;(k) are the d- and g-axis current
values, respectively.
According to Equation (6), the conventional current predictive controller of the N*3-
phase PMSM can be designed as follow:

gj(k) = i) + (Ro — 5 )ig (k) — Lowe (K)igj (k)

gi (k) = 5+ (Ry — 5 )igj (k) + Lowe (k)igj (k) + rocwe (k)

@)
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where i;j.f and i:;f are the d- and g-axis current reference values, respectively.

4.3. Sensitivity Analysis of Inductance Parameter Mismatch

Under normal conditions, the voltage equation of the N*3-phase PMSM can be de-

scribed as: .
. Yaj
{ ugj = Rolgj + 25 — welpyj

o dyy, 8
g = Rolgj + " + Weipj
Under normal conditions, the d- and g-axis flux linkage is:
{ #)dj = Pro + Loidj )
Yoj = Lotgj

The d- and g-axis flux linkage under the inductance parameter mismatch can be
expressed as:

{ g = (Lo + AL)ig ' (10

By substituting Equation (10) into Equation (1), the state equation of the N*3-phase
PMSM under the inductance parameter mismatch can be obtained as:

% = Ax + Bu + Df, — Bf

iy Uy ig Pro fd % weé‘)
wherex:[iq :|/u:|:uq :|,y:|:lq:|,fa:|:O:|,f:|:fq:|,A:L OL Rol;|,
0 e
1 = .
L

B - 0 7 D = e Y
0o £ - 0
With
fa = a0 (aj — Rolgj + Loweigj + ALweig;) — ALwely; (12)
fa= ﬁ(% — Roigj — Loweigj — ALweigj — Wetpro) + ALweiyj

By discretizing Equation (11), the discrete state equation of N*3-phase PMSM under
the inductance parameter mismatch can be obtained as:

i(k+1) = Eg(k) - i(k) + Fo - u(k) + P, (k) — Fof(k) (13)

where i(k + 1) = [id(k“) ] i) = {id(k)

] E,(k) = 1—FTs  Twe(k)
ig(k+1) ig(k) |7 ° —Tewe(k) 1-PTs |
_fuw®) ] p | w0 _ 0
u(k) = { uq(k) ]/Fo = 0 LloTS ,Po(k) - —%C'Tswe(k) .
With

f(k) o { fd(k) ] o ﬁ(”dj(k) - Roidj(k) + Lowe(k)iqj(k) + ALwe(k)iqj(k)) - ALwe(k)iqj(k)
a | ki (4gi (K) = Roigj() — Lowe (K)igj (k) — ALwe(k)igj (K) = we(k)ro) + ALawe (K)igi (k)

By substituting Equation (7) into Equation (13), the relationship between the current
command value and response value under the inductance parameter mismatch can be

expressed as:
’ Ai(k+1) = i(k+1) — i (k4+1) = —F,f(k)
Aigi £ fa(k)
where —F,f(k) = [ Ai,‘;l; ] = —[ %fq(k) 1

(14)
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When the N*3-phase PMSM is running steadily, the voltage equation of the motor
system can be obtained according to Equation (1):

{ Z/ld](k) = Rold](k) — nggiqj(k) (15)
Z/lq](k) = Rolq](k) + Loweid]-(k) + WelPro

Combining Equations (12), (14) and (15), the current deviation of d- and g-axis flux
linkage can be simplified as:

. _ AL .
A’.df = (Lo+AL) Tscwelgj(k) (16)
Aig =0

From Equation (16), it can be known that the mismatch of inductance parameters will
affect the control performance of the d-axis current, but the tracking deviation of the g-axis
current is zero. However, the mismatch of inductance parameters will increase the d- and
g-axis response current ripple, which will lead to torque ripple of the N*3-phase PMSM.

4.4. Robust Predictive Power Control with One-Step Delay Compensation

From Equation (16), it can be known that the conventional current predictive controller
relies heavily on the motor parameters. Especially when the inductance parameters are mis-
matched, the control performance of the N*3-phase PMSM will be seriously deteriorated. In
addition, there exists the one-beat delay between the reference voltage value and the actual
output voltage value in the digital control system. This also degrades the performance of
the predictive current controller if the one-beat delay is not eliminated in the proposed
robust predictive controller. Firstly, the current response value (i.e., igj(k + 1), igj(k + 1)) of
the (k + 1) Ts moment should be obtained at the kT; moment. The ideal voltage vector (i.e.,
ugj(k +1), ugi(k + 1)) of the kTs moment is then calculated by using the predicted current
response value (i.e., igj(k + 1), iz;(k + 1)). Figure 5 illustrates the principle of one-beat delay
compensation of predictive controller.

Appliedu g4; (k) Applied ugq; (k1| | Applieduq;(k+2)
Calculatediy,; (k+1) |Calculatediy,;(k+2) |Calculatediy,; (k+3

Obtained Obtained Obtained
Ugqi(k+1) Uggi (k +2) Ugqi (k +3)
v v v
kT (k+DT (k+2)T

Figure 5. Principle diagram of one-beat delay compensation.

In order to eliminate the influence of one-beat delay, Equation (7) is modified to:

ugi(k+1) = 5ei + (Ro — % )ig(k +1) — Lowe(k+ 1)igi(k +1)

(17)

ugi(k+1) = %1;7 + (Ro — $8)igj(k + 1) + Lowe (k + 1)igj(k + 1) + rowe(k + 1)

At the kT; moment, the current response value (i.e., igj(k + 1), izi(k + 1)) of the
(k+1)Ts moment can be calculated according to Equation (17).

{ igj(k+1) = £ Tougj(k) — (R Ts — 1)igj (k) — Tecwe (k)igj (k) — £ Tstprowe (k) )

idj(k +1) = L%Tsudj(k) - (IL%TS - 1)idj(k) - Tswe(k)iqj(k)
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From Equation (18), it can be known that the ig;(k), i5i(k), ugj(k), and ugj(k) are
known quantities at the kTs moment. Therefore, the current response value (i.e., iz;(k + 1),
igi(k +1)) of the (k + 1)Ts moment can be calculated by Equation (18). The electrical speed
can be considered as constant as the electrical time is far less than the mechanical time (i.e.,
we (k) = we(k +1)). The ideal voltage vector (i.e., ug;(k + 1), ugj(k + 1)) of the kTs moment
can be calculated by substituting Equation (18) into Equation (17).

7(1*&5’1"5) —Tswe (k) T ugj (k) (17[%]"5) —Tswe(k) igj (k) _ L;l/)mwe(k) 0
T (b *(1*%7?)}{L”[“q;(k)]+{7TsaLJe(k) <1—§—3T5>Hiq§(k>] {L 0 *[wmmk)] (19)

Since 1 — IE—ZTS ~ 1, Equation (19) is then modified to:

mf L . T,
ud'(k+ 1) _ Ly ]d] *fi 7L,;,(4}E(k) T ud'(k) 1 7Tsw€(k) ld'(k) _ lel)mwcaf) 0
e -] [ 0 e Lot N80 [ B o] 2]

Due to the response current ripples caused by the inductance parameter mismatch,
the proposed R-PPC method using the robustness factors is developed to improve the
system stability and avoid the response current ripple. After using the robustness factors,
the current response values of the kTs moment can be expressed as follows:
if; (k) = iy + Bigy (k) o
. _ref .
z;‘j(k) = ai s+ Big;(k)
where « and B are the robustness factors, and a« + g = 1.

According to Equations (20) and (21), the ideal voltage vector (i.e., ug;(k+ 1), ugj(k + 1))
of the kT; moment can be expressed as follows:

.ref L ref H s
ug(k+1) 7 _ 1, | Y -1 —Lowe(k) | | 1, [ ugj(k) 1 —Tswe (k) wdyl +Pigi(k) | | Bprocwe(k) 0
[ “q;(kH) } ok [ i } * { Lowe(k) — —p HL{ uq;(k) ] " { ~Tewe(k) 1 ] { oci:éf-s-ﬁiw-(k) " * [ Yrowe(k) ] (22)
According to Equation (2), the electromagnetic torque discrete equation of the N*3-
phase PMSM can be obtained as follows:

_ 3Nn,

—¥ro iqj (k> (23)

Tk = =

The power discrete expression of the N*3-phase PMSM is:
P(k) = Te(k)we (k) (24)
According to Equations (23) and (24), one yields,

ref o 2Pr€f(k)
0= SN oo ) >

where P/ (k) is the power reference value.

5. Simulations

The drive system structure of the 6*3-phase PMSM is designed by adopting the MAT-
LAB/Simulink. Table 1 shows the main parameters of the 6*3-phase PMSM. The robustness
factors of the proposed R-PPC method are set as « = 0.4 and B = 0.6, respectively. During
the discharging state and charging state, some simulation results of the 6*3-phase PMSM
are illustrated to verify the control performance of the proposed R-PPC strategy.
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Table 1. 6*3-phase PMSM.

Parameters Value
Rated power 630 kW
Rated speed 3000 r/min
Rated speed 800 N-m
Rotational inertia (J) 100 1<g~m2
Stator phase resistance (R,) 0.026 O
Number of pole pairs (1) 4
Inductances (L) 5.572 mH
Flux linkage of PM (¥ ,) 0.992 Wb
Type of magnet NdFeB
Magnet coercivity 889 kA/m
Operating temperature 20°C

5.1. A. Control Performance Comparison between the Conventional PPC and Proposed R-PPC
under the Charge State
In order to verify the R-PPC performance of the 6*3-phase PMSM in the case of charge
state, the power reference of charge state is given as:
Pref = 1.6 x 10°t 4 0.8 x 10° 0<t<05s 26)
Pref = 1.6 x 10° 05s <t <1s

In this simulation, the inductance parameter values are stepped to 50% of their initial
values to simulate the inductance parameter mismatch. Comparison simulation results
of the conventional PPC and proposed R-PPC under the inductance parameter mismatch
are given in Figures 6-10. Figure 6 shows the comparative simulation results of the phase
current and torque by using the conventional PPC and the proposed R-PPC. It can be
seen from Figure 6a that the peak-to-peak torque ripple of the 6*3-phase PMSM reaches
£250 N-m in comparison to the conventional PPC method. From Figure 6b, it can be
seen that the peak-to-peak torque ripple of the proposed R-PPC is reduced to £140 N-m,
which is obviously lower than that of the conventional PPC method. From Figure 6, it is
known that the inductance parameter mismatch has a great influence on the torque control
performance in the conventional PPC method.

N
o
o
o

1500

1000

500

Phase current[A]& Torque[N.m]

T,

N
o
o
o

1500

il L ) L ik kit ki e s s B
1808.6 . 0.8 1 1000 1848.6 . 0.8 1

1 1

abc abc

500
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| MWMM&W@ WV

ch%WWW%W&W

‘ 0
%% 1 20002 04 1
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Figure 6. Simulation results of the phase current and torque under the charge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 10. Stator current frequency spectra of the 6*3-phase PMSM under the charge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.

The comparative simulation results of the d- and g-axis current under the inductance
parameter mismatch are shown in Figure 7. The d- and g-axis current response values
can accurately track the reference values, which are clearly shown in Figure 7. However,
the d- and g-axis current response peak-to-peak ripple of the conventional PPC method is
significantly higher than that of the proposed R-PPC strategy. From Figure 7a,b, it can be
observed that the d- and g-axis current response peak-to-peak ripples of the conventional
PPC method respectively reached +8 A and £7 A, decreasing to £5 A and +5 A with
the use of the proposed R-PPC method. Figure 8a presents the simulation results of the
conventional PPC method, and Figure 8b presents the simulation results of the proposed
R-PPC method. From Figure 8a,b, it can be observed that the phase current waveform of
the 6*3-phase PMSM can both keep a perfect sinusoidal waveform by adopting the con-
ventional PPC method and the proposed R-PPC method. From Figure 9a,b, it can be seen
that the stator current fundamental values of the conventional PPC method and proposed
R-PPC method are respectively 53.16 A and 53.03 A, and the THDs of the conventional PPC
method and proposed R-PPC method are respectively 3.62% and 3.57%. Figure 10 shows
the stator current frequency spectra of the 6*3-phase PMSM under inductance parameter
mismatch. It can be seen from Figure 10a that the stator current fundamental value and the
THD of the conventional PPC method are 319 A and 3.62%, respectively. The stator current
fundamental value and the THD of the 6*3-phase PMSM are respectively 318.2 A and 3.57%
through use of the proposed R-PPC method, which can be observed in Figure 10b. Accord-
ing to Figures 8-10, it can be known that the inductance parameter mismatch does not
affect the stator current of the 6*3-phase PMSM under the charge state. The stator current
control performance of the conventional PPC method has the same superior performance
as the proposed R-PPC method.

5.2. B. Control Performance Comparison between the Conventional PPC and Proposed R-PPC
under the Discharge State

In order to verify the R-PPC performance of the 6*3-phase PMSM in the case of
discharge state, the power reference of discharge state is given as:

0<t<0.5s

Pref = —1.6 x 105t — 0.8 x 10°
{ 05s <t<1s 27)

pref = —1.6 x 10°

In this simulation, in order to simulate the inductance parameter mismatch, the induc-
tance parameter value is also set as 50% of the initial value. The comparative simulation
results of the conventional PPC method and the proposed R-PPC method under the dis-
charge state are given in Figures 11-15. Figure 11 shows the comparative simulation results
of the phase current and torque under the inductance parameter mismatch. From Figure 11,
it can be seen that the torque ripple of the conventional PPC method and the proposed
R-PPC method are £280 N-m and +160 N-m, respectively. It can be known that the peak-
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to-peak torque ripple of the 6*3-phase PMSM with inductance parameter mismatch can be
obviously suppressed by using the proposed R-PPC method. The comparative simulation
results of the d- and g-axis current under the discharge state are shown in Figure 12. From
Figure 12, it can be known that the d- and g-axis current response values can accurately
track the reference values under inductance parameter mismatch. It can be observed from
Figure 12a that the d- and g-axis current response peak-to-peak ripples of the conventional
PPC method are £8 A and £7 A, respectively. The peak-to-peak ripples of the d- and
g-axis current response decrease to 4 A and £5 A through the use of the proposed R-PPC
method, as clearly shown in Figure 12b. Figure 13 shows the comparative simulation
results of the phase current under the inductance parameter mismatch. It can be observed
from Figure 13 that the 6*3-phase PMSM with inductance parameter mismatch can achieve
a perfect sinusoidal waveform using both the conventional PPC method and the proposed

R-PPC method.
E 500 T 500
& Z
£ -500] _ 1 £ -500- \ |
2 2
<. -1000 =.-1000
5 1900 = 1500/
2 2
:f" -2000¢ | ‘ ‘ ‘ = -2000¢
|a» | | | |
0 02 04 06 08 1 0 02 04 06 08 1
Time[s] Time[s]
(a) Conventional PPC method (b) Proposed R-PPC method

Figure 11. Simulation results of the phase current and torque under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 12. Simulation results of the d- and g-axis current under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 13. Simulation results of the phase current under the discharge state. (a) Conventional PPC method; (b) Proposed

R-PPC method.
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Figure 14. Stator current frequency spectra of the unit motor under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 15. Stator current frequency spectra of the 6*3-phase PMSM under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.

It can be seen from Figure 14a that the stator current fundamental values and THD
of the unit motor are respectively 52.76 A and 3.6% when the conventional PPC method
is adopted. It can be seen from Figure 14b that the stator current fundamental values
and THD of the proposed R-PPC method are 52.97 A and 3.64%, respectively. The stator
current frequency spectra of the 6*3-phase PMSM with inductance parameter mismatch
is illustrated in Figure 15. From Figure 15a, it can be known that the stator current
fundamental value and the THD of the 6*3-phase PMSM with the conventional PPC
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method are 316.5 A and 3.6%, respectively. The stator current fundamental value and the
THD of the 6*3-phase PMSM with the proposed R-PPC method are respectively 317.8 A
and 3.64%, as clearly observed in Figure 15b. From Figures 14 and 15, it can be known
that stator current THD of the 6*3-phase PMSM and unit motor is the same when the
conventional PPC and proposed R-PPC methods are used. According to the simulation
analysis, it can be known that inductance parameters mismatch does not affect the stator
current of the 6*3-phase PMSM.

6. Experimental Results

Taking the 6*3-phase PMSM as an example, the RT-Lab hardware-in-the-loop sim-
ulation (HILS) platform is established to verify the feasibility and effectiveness of the
proposed R-PPC method under the inductance parameter mismatch. The RT-Lab HILS
platform consists of a DSP controller, OP5600 simulation motor, and other computer moni-
toring interfaces. The parameters of the RT-Lab HILS platform are consistent with those
of the simulation. Comparative experimental results of the conventional PPC method
and the proposed R-PPC method under the charge state and discharge state are given in
Figures 16-19.

iy (k)
60A
G k)
[100.0ms/div] [100.0ms/div]
(a) Conventional PPC method (b) Proposed R-PPC method

Figure 16. Experimental results of the d- and g-axis current under the charge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.

-
al

S S e [ S o M S R S —
I n_ N 1) Jt e "L

,\ r\ qi- !\‘ M A
';OJ / wv/f

iabc izzbc
[100.0ms/div] [100.0ms/div]
(a) Conventional PPC method (b) Proposed R-PPC method

Figure 17. Experimental results of the phase current and torque under the charge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 18. Experimental results of the d- and g-axis current under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.
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Figure 19. Experimental results of the phase current and torque under the discharge state. (a) Conventional PPC method;
(b) Proposed R-PPC method.

Figure 16 presents the comparative experimental results of the d- and g-axis current
under the charge state. From Figure 16a, it can be seen that the d- and g-axis current
response ripple of the conventional PPC method is obviously higher than that of the
proposed R-PPC method in the case of inductance parameter mismatch. When the proposed
R-PPC method is applied, the ripple of the d-axis current response value is obviously
suppressed under the inductance parameter mismatch, as shown in Figure 16b. Figure 17
illustrates the comparative experimental results of the phase current and torque under the
charge state. From Figure 17a, it is known that the peak-to-peak torque ripple of steady-
state operation is significantly high by using the conventional PPC method. It can be
observed from Figure 17b that the peak-to-peak torque ripple of proposed R-PPC method
is obviously lower than that of the conventional PPC method in the case of inductance
parameter mismatch. Therefore, it can be seen from Figures 17 and 18 that the current
response ripple and torque ripple of N*3-phase PMSM with the inductance parameter
mismatch are obviously suppressed through the adoption of the proposed R-PPC method.

Figure 18 shows the d- and g-axis response current experimental results of the con-
ventional PPC method and the proposed R-PPC method under the discharge state. It can
be seen from Figure 18 that the g-axis response current ripple of the conventional PPC
method is consistent with that of the proposed R-PPC method in the case of inductance
parameter mismatch. However, the d-axis current response ripple of the proposed R-PPC
method is significantly lower than that of the conventional PPC method under the induc-
tance parameter mismatch, as clearly shown in Figure 18b. The phase current and torque
experimental results of the conventional PPC method and the proposed R-PPC method
under the inductance parameter mismatch are shown in Figure 19. From Figure 19a, it can
be known that the inductance parameter mismatch will lead to the increase torque ripple
of the 6*3-phase PMSM under the discharge state. The peak-to-peak torque ripple of the
6*3-phase PMSM is obviously suppressed when the proposed R-PPC method is adopted in



Energies 2021, 14, 3684 16 of 17

the case of inductance parameter mismatch, which can clearly be observed in Figure 19b.
From Figures 18 and 19, it can be known that the control performance of the proposed
R-PPC method for the 6*3-phase PMSM is obviously better than that of the traditional
control method in the case of inductance parameter mismatch.

7. Conclusions

This paper present the R-PPC method to track its reference power for an N*3-phase
PMSM with inductance parameter mismatch, which can improve robustness against induc-
tance parameter mismatch and eliminate the one-beat delay in the digital control system.
In addition, a novel R-PPC technique using robustness factors is employed for the design
to strengthen the robustness against inductance parameters for the N*3-phase PMSMs. The
appropriate robustness factors were selected so as to achieve the excellent power control
performance under both charge and discharge states. Therefore, the N*3-phase PMSM
operates well in the case of the discharge state and charge state, meanwhile obtaining a
good steady-state control performance. Compared with the conventional PPC method, the
results verity that the proposed R-PPC can obtain the merits of less torque ripple and lower
d- and g-axis response current ripples under inductance parameter mismatch.
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