4524

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

Robust Model Predictive Control With Simplified
Repetitive Control for Electrical Machine Drives

Ying Liu"?, Shanmei Cheng

Abstract—Conventional model predictive control (MPC) for
electrical drives relies on the accuracy of system model, thus, its
performance will deteriorate due to disturbances such as param-
eter mismatch and current distortion. To improve the robustness
of MPC, a compensated scheme with simplified repetitive control
(SRC) is proposed in this paper. Since the prediction of MPC is
corrected with the assistance of compensation, a much more rea-
sonable output is provided to promote system performance. An
open-loop structure of repetitive control (RC) with two resonant
units is applied for the proposed SRC to guarantee stability and
maintain high accuracy for tracking disturbances, and moreover,
SRC responds fast and just needs half of the data memory used by
an ideal RC. Additionally, an output filter is designed to correct
the quantizing error of frequency, thus, the frequency adaption
is enhanced. To validate the feasibility and the effectiveness of
the proposed method, a compensated MPC for permanent-magnet
synchronous machine drive system is utilized. Both simulation and
experiment results prove significant performance enhancement of
the SRC-based robust MPC, and compared with the conventional
MPC, it provides nearly 30% reduction of total harmonic distor-
tion (THD) in stator phase current.

Index Terms—Disturbances suppress, electrical machine, model
predictive control (MPC), repetitive control (RC).

I. INTRODUCTION

ODEL predictive control (MPC) has been extensively in-
M vestigated in fast dynamic control systems [1]-[3]. MPC
applied to the drive system for electrical machines, such as the
permanent-magnet synchronous machine (PMSM), will main-
tain fast response in the transient state and reduced current and
torque ripple in the steady-state. Some modulated MPC strate-
gies have been proposed to promote the system performance
[4], [5]. In which, the space vector modulation (SVM) is used
to synthesize the voltage vector and to obtain fixed switching
frequency. Theoretically, MPC outperforms many other high
efficient strategies, e.g., field-oriented control and direct torque
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control, when applied to the control of electrical drive system
[6]-[10], because it predicts and takes the benefits of future
behavior of control plant. However, the prediction of MPC to-
tally depends on the system model which will change during
operating when the parameters, such as magnet flux and stator
inductance, vary with temperature and magnet saturation. Be-
sides, current distortion and deadtime effects will significantly
affect the accuracy of prediction and deteriorate the performance
of the MPC-based control system.

Plenty of literature propose feed-forward methods with differ-
ent compensations to promote the robustness of the MPC-based
control system [11]-[14]. An extension of predictive current
control is proposed in [11]. The last error between the predic-
tive and measured current for each individual switching state
is used as compensation, thus, a compensated prediction is ap-
plied to makeup the parameter uncertainties. The performance
is promoted because the improved predictive accuracy helps us
to decide a better choice in MPC. Similarly, a time-delay ap-
proach with feed-forward compensation is applied in [12] to
minimize the disturbances. Besides, in [13], the error between
the reference and measured current in the last sampling period
is used to makeup the deadtime effects. These compensated
methods provide simple system structures and they are effec-
tive in suppressing slowly varying disturbances, but they are not
so effective when dealing with periodic disturbances. Several
online parameter estimation methods are also used to promote
the robustness of MPC [15]-[17], but they are designed to sup-
press disturbances associate with parameter mismatch and also
contribute to complicated system structures.

The repetitive control (RC) based on the internal model theory
performs well in suppressing periodic disturbances. RC consists
of series of resonant units with high amplitude gains near the
resonant frequencies, and it has been widely studied for reduc-
ing current harmonics [18]-[24]. A repetitive MPC controller
combines the merits of RC and MPC is proposed in [22] to
achieve precision tracking of reference for linear motion drive.
In which, a compensation term produced by the modified RC
is added to the reference trajectory, and a low-pass filter is
included in the forward loop of RC to enhance the system ro-
bustness. However, this method is just applicable for repetitive
task, and a long adjustment time is needed before it producing
the best performance.

Conventional RC responds slowly and delays for more than
one fundamental period. An efficient way to improve the dy-
namical response is adding a proportional channel in parallel
with RC. Besides, a feedback method such as a proportional
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integral (PI) controller is applied to RC to promote system stabil-
ity and robustness against parameter variations [18]-[21]. Since
a weighting factor is added to RC, the strength of a resonant unit
in suppressing disturbances will be deteriorated. A modified RC
using one-sixth of fundamental period as delay time is proposed
in [18] for three-phase grid-connected inverters. A plug-in type
is applied in this scheme, and the RC is combined with a PI
regulator to reinforce the system performance and provide high
amplitude gain for the fundamental component. This method
can achieve fast responses and perfect harmonic suppression
performance. However, it is just effective for the (6n + 1)th
harmonics but has no effects on other harmonics.

The ideal RC can be decomposed as an integrator and infi-
nite orders of resonant units operating in parallel. To guarantee
system stability, the gain of the integrator must be limited when
the input contains dc components. Since the integrator and the
resonant unit share the same gain, which are coupled with each
other, the strength in tracking harmonics will be significantly
deteriorated when a small gain is configured for RC. To over-
come this drawback, a simplified RC (SRC) with an open-loop
structure is proposed in this paper. For the new method, the
transfer function between the output of the controller and dis-
turbances does not contain an integrator block but consists of a
series of resonant units. Thus, a large amplitude gain for track-
ing harmonic components is maintained because the dc drifts
and harmonics can be removed separately with the proposed
method.

For the control of electrical machines, the fundamental fre-
quency changes during operation. Besides, a fractional value
of quantized frequency is rounded to the nearest integer be-
cause RC cannot exactly track noninteger frequency. To improve
the tracking performance of time-varying periodic references,
several frequency adaptive RC (ARC) methods [23]-[26] are
put forward. An improved ARC with frequency adaption is
proposed in [23], where a new fractional-order RC (FORC)
with a high-order finite impulse response filter is applied to ap-
proximate the fractional delay. Besides, more FORC schemes
are investigated in [27]-[29]. Although the ARC methods can
minimize periodic disturbances, an accurate frictional model in
FORC seems too complicated to be applied for the MPC-based
drive system. Thus, a more efficient scheme is applied in this
paper to promote the tracking performance of time-varying and
noninteger frequency.

Since the disturbances in the MPC-based electrical drive sys-
tem are repetitive for every fundamental cycle, an SRC based
on an open-loop RC structure and combined with feed-forward
compensation scheme is proposed in this paper to improve the
robustness of MPC against disturbances. The new proposed SRC
method provides fast response, enhanced stability, and promoted
tracking ability. This paper is organized as follows. Section II
introduces the MPC-based PMSM drive system, and the effects
of disturbances on MPC are theoretically analyzed. Section III
presents the proposed SRC with an open-loop structure, and
moreover, the quantizing error of frequency is corrected with
an output filter. Detailed simulation and experiment results are
presented in Sections IV and V, respectively. Conclusions are
presented in Section VI.
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Fig. 1. Control sequence of the MPC method.

II. MPC FOR PMSM DRIVE SYSTEM
A. PMSM Model for MPC System

The PMSM is widely researched because of its advantages
such as high efficiency, high-power density, high-power factor,
low temperature rise, and good dynamic performance [6], [7],
[9]. In this paper, the surface-mounted PMSM is utilized for the
implementation and verification of the proposed method. The
current function of the PMSM is described [6], [7] as follows:

daq(t) = Ly [vaq(t) — Ryiag(t) — jweag ()] (1)

where vy, = vg + jv, and iq, = iq + ji, represent the stator
voltage vector and the current vector in synchronous rotating
coordinate dg; symbol j represents the imaginary part of a
complex variable. Ry and L are stator resistance and induc-
tance of the electrical machine, respectively; w, is an equiva-
lent electrical angular frequency in stator reference frame, and
Pdq = Pa + jpq is the stator flux vector as shown in the fol-
lowing equation:

Pdq (t) = Lsidq (t) + ¢m (2)

where ¢, is the amplitude of magnet flux.

When the sampling time 7 is small enough, changes in speed
and position are neglected, and the rotor speed keeps constant
in few periods. A discrete current prediction is acquired in (3)
with the assistance of first-order Taylor series expansion

laq (k +1) =iaq (k) + L T [vag (k) = Riag (k) —jwe g (k)]

3)
where %dq (k + 1) is the predictive current vector at the beginning
of next period k + 1, and g (k) is calculated through (2) with
the measured current 44, (k). Since there is one-step delay for
PWM updating, a two-step prediction of MPC is performed to
compensate this delay. The control sequence of the MPC method
is presented in Fig. 1, in which, the dead-beat method is applied
and it forces the prediction %dq approaching to the reference i,

at the end of period k + 1, as ig, (k +2) = ig,(k+1). Based
on the following equation, the predictive current 74, (k + 2) at
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the end of next period k + 1 can be calculated as
fag (b +2) = fag (b + 1) + LT, [, (k + 1)
— Ryiag(h+1) = juwedag (b +1)] )

where @4, (k + 1) is the estimated flux calculated with the pre-
dicted current %dq(k + 1)as @gq(k+1) = Ls%dq(k + 1)+ én-
The reference voltage v, (k + 1) as shown in the following
equation can be acquired by solving (4), and then an SVM is
utilized to produce the required switch states. It is clear that
the voltage target is calculated in current period k and will be
applied during the coming period, thus, the one-step delay is
compensated

Vi (k +1) = Ryigg(k +1) + LT, [ii‘zq(k +1)

— g (k + 1)} +jwepag(k+1).  (5)

The reference current is usually assumed to be constant in
few steps, as iy, (k + 1) =i}, (k) for convenience. However,
the performance of electrical drives will be improved by simply
taking the trend of reference into consideration. An estimation
method with specified damping coefficient k; is applied to obtain
the reference in the next period as

igg (k1) — i3, (k) = k; [ig, (k) — iy, (k=1)] . (6)

The reference current can be derived in the following equa-
tion. The estimate reference will be convergent when the con-
straint 0 < k; < 1 for damping coefficient fulfills. The original
assumption iy, (k + 1) = i3, (k) will also hold in the steady-
state because the references in last two periods are the same

igg(k+1) = (1 + k;)ig, (k) — kiig, (k — 1). @)

B. Disturbances in MPC

MPC strategy can provide high-performance control for the
PMSM drive system with the assistance of accurate system
model. However, the exits of disturbance will significantly dete-
riorate the system performance. The effects on MPC for certain
major disturbances including the parameter mismatch, current
distortion, and deadtime effects are analyzed as follows.

1) Mismatch of Machine Parameter: Parameters of PMSM
such as stator resistance R, stator inductance L, and amplitude
of magnet flux ¢,, will mismatch with their theoretical values
during operation due to the changes of temperature and magnate
saturation. As a consequence, disturbances will be introduced to
the predictive current when the parameters mismatch. The pre-
dictive current %dq (k + 1) varies with time when the mentioned
parameters change, and the relationship can be described as

d -
a dq(k + 1)
8 dRs 6 dLs a d¢m “
- (aRS dt ' OL, dt ' ¢y dt )'”‘J(k“)'

®)
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The disturbance Aig, is defined as Aigy, = 7/, g — ldg> Where

%& , stands for the predictive current with mismatched parameters
R, =R, + AR,, L. =L, + AL, and ¢, = ¢y, + Ay,
and AR, AL, and A¢,, represent the cumulative increment
of stator resistance, stator inductance, and amplitude of magnet
flux, respectively. Instituting (3) into (8), and the disturbance
Aig4, can be acquired as follows:

Aigg(k +1) = / digy(k +1)/dt
= L;ITQ [*ARequ (k) — JWe ALsidq (k)

- jweACém} - ALsL:l [%dq (k + 1) - idq (k)]
©)

Errors between the predictive and measured currents and also
between the reference and real current will be introduced, and
as a consequence, the final voltage vector cannot be precisely
predicted by MPC.

2) Current Distortion: Current drifts are unavoidable for
measured stator current due to the offset in analog detecting
circuits, and besides, mismatches will be introduced to the am-
plitude of current because of the inaccuracy of resistance, load
effects, and noises in the detecting circuits. Moreover, current
distortion occurs during the transient state such as speed step
and load torque step conditions. The measured stator currents
with dc drifts and amplitude mismatches can be described as
follows:

i'o = (14 ko)ia + Al
i'y = (14 ky)ip + AL
i'e = (14 k.)i. + Al

(10)
where i,, 1y, and i, represent the theoretical stator currents with
amplitude / and angular frequency w,, while 7, 4;, and 7, are
measured values coupled with dc drifts Al,;. and amplitude
mismatches k,;.I. The coordinate transform T /2r as shown
in (11) is used to turn these currents to synchronous rotating
coordinate, thus 74 = T3s /2, * %ac. The current disturbances in
dg-axes are described in (12), where A,, and §,, are the amplitude
and phase of the nth (n = 0, 1, 2) order harmonics

iq = Isinw,t
iy = I'sin (wet —27/3) |
1. = Isin (wet 4 27/3)

T 2 sinw,t sin (wet — %w) sin (wgt + %77)
3s/2r — 3| —cosw.t —cos (w@t — %71’) —CO0S8 (wet + %W)
an
Aidq (t) = T3s/3r : (i/abc - iabc)
= Ao + A1 Sil’l(wet + (51) + AQ sin (2w6t + (52)
(12)

The order of frequency spectrum will be shifted by left and
by right for one unit after the harmonic transforming from sta-
tionary coordinate to synchronous rotating coordinate. Thus,
when distortion exists in the detected current, the disturbances
Aig, in MPC are presented dc offset and current ripple includ-
ing the fundamental component and the second-order harmonic
associated with frequency w,.
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Fig. 2. General closed-loop control system based on RC.

3) Deadtime Effects: Deadtime is necessary in power elec-
tronic devices used by PMSM drives and it will produce series
of harmonics. Even though these deadtime-induced harmon-
ics are quite small, the predictive error will be amplified when
the predicting step increases and their effects on control sys-
tem cannot be neglected to obtain high-performance control.
As researched in [13] and [18], the deadtime contributes to
(6n £ 1)th harmonics in stationary coordinate. The detailed
distribution of harmonic in both stationary and synchronous
rotating coordinate is presented as follows:

Aigpe(t) = (hs + h7) + (hiy + haz) + (ha7 + hig) + -+
Aigy(t) = (ha + he + hg) + (hio + h12 + hi4)
Jr(hl(} + h18 + hQO) + te
h, (t) = A, sin(nwet + 6,,).
(13)

In summary, the predictive and measured currents contain
large amounts of disturbances under conditions such as parame-
ter mismatch, current distortion, and deadtime effects. The form
of disturbances Ai4, in MPC as shown in the following equa-

tion is presented as dc offset and series of harmonics associated
with the electrical rotating frequency w:

Nigy(t) = Ao + Y Ay sin(nwet +6,,).

n

(14)

III. PROPOSED SRC WITH MPC

The predictive current will mismatch with the real current
due to the existence of disturbances, as a consequence, large
distortion and excitation will be introduced to both of the output
current and electromagnetic torque. This is not permitted in the
control of high-performance electrical drives, thus, an efficient
controller is necessary to improve the performance of the MPC-
based drive system. The RC controller is widely utilized dealing
with periodic signals, since the disturbances present as series of
harmonics and repeat for every fundamental cycle, a compen-
sated MPC with SRC is proposed in this paper to suppress these
disturbances.

A. Conventional RC

A general closed-loop control system based on the ideal RC
controller is presented in Fig. 2, where R(s), Y(s), and D(s)
are the input reference, output, and disturbance, respectively;
G, (s) stands for the control plant, and Cgrc(s) is an ideal RC
controller.

The internal model theory declares that the tracking error
will asymptotically converge to zero for any input R(s) and
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disturbance D(s) under the circumstance that the controller con-
tains all unstable poles of both R(s) and D(s). The unstable com-
ponents in input and disturbance are equivalently transformed to
D(s) for convenience. According to the analysis in Section II-B,
the disturbance D(s) consists of dc drifts and series of harmonics
associated with frequencies w,, as

D(s) = L[Aig,(t)] = s ' Ag + ZAnwe/ {52 + (nwe)Q]

(15)

Based on the internal model theory, the ideal RC controller

CRre(s) as shown in the following equation is used to suppress
these harmonics:

Cre(s) = exp(—27ms/we)/[1 — exp(—27s/w,)]

= — 05+t s 42t Z s/ [52 + (nwe)Q}

n=1

(16)

where t, = 2 /w, is the fundamental period, and the time-delay
module exp(-27s/w,) or exp(—st.) is the so-called internal
model. The ideal RC consists of three parts operating in parallel,
i.e., a proportional block with negative coefficient, an integrator,
and the infinite numbers of resonant units with frequencies nw, .
The negative proportional block may affect the stability of the
control system while the pure integrator and resonant units will
produce poor stability during applications. Besides, the ideal
RC delays about one fundamental period that it provides slow
response speed. Thus, a modified RC as shown in the following
equation is commonly adopted in applications to promote the
stability and dynamical performance [18]-[21]

C,RC (S) =1+ k,.Cgrc (S)
=(1—0.5k.) + k.t s

+ 2kt zoc: s/[s2 + (nwe)ﬂ

n=1

a7)

where 0 < k, < 2 is the weighting factor evaluated with a pos-
itive constant.

However, the performance of RC will be deteriorated when
dc components exist because the strength of the integrator unit
on dc drifts is the same or comparable as that of the resonant
unit on harmonics at the resonant frequency w, as shown in the
following equation:

lim k,,tgls’l/ lim [2k " s/(s? +w?)] =1.0. (18)
5—j0* s—jwd

To guarantee the stability of the RC-based system, the gain
k.t;1 of integrator must be limited when the dc drifts exist
in disturbance, thus, the tracking ability of the resonant unit
is significantly suppressed simultaneously. Under this circum-
stance, the advantages of RC in eliminating harmonics will be
sacrificed.

B. Proposed SRC

An SRC is proposed in this paper, where an open-loop
RC structure with the internal model exp(-st.) is applied to
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Fig. 3. Signal flowcharts of the RC, proposed SRC, and SRC-based MPC

system. (a) Ideal RC. (b) Proposed SRC. (c) SRC-based MPC system.

suppress the disturbances. Signal flowcharts of the ideal RC
[see Fig. 3(a)], proposed SRC [see Fig. 3(b)], and SRC-based
MPC control system [see Fig. 3(c)] are presented in Fig. 3.
Where N = t./T is the quantity of fundamental period, tag
is the predictive error between the predictive current 74, and
measured current iqq, iy, is the current command after com-
pensating. A continuous SVM is applied to the control system,
and the deadtime effects and other disturbance are transformed
to the disturbance Aiy,, thus, the PMSM model can be simpli-
fied as G,(z) = 1. The new proposed SRC method as shown
in Fig. 3(a) is different from the conventional RC controller
[see Fig. 3(b)] which constructs a closed-loop structure with a
feedback path, whereas the new method produces an open-loop
structure with feed-forward compensation. Since the dead-beat
strategy as shown in Fig. 1 is applied to the system, the pre-
dictive and reference current will intersect at the end of each
period as iy, (k) = i44 (k). The predictive error is send to SRC

and the output compensation A%dq is added to the reference in
the implemented SRC and MPC-based drive system. Compared
with the conventional RC, the new proposed SRC avoids the
negative impacts mentioned in Section III-A and it provides an
enhanced ability in eliminating harmonics.

The principle of the proposed SRC-based MPC system can
be expressed as

{ A%dq (k+1)= 2N [idq (k) — Zﬁlidq (k+1)]

o, . 5 (19)

zgq(k +1)= zflq(k + 1)+ Aigy(k+1).

The dead-beat strategy ensures iy, (k + 1) = igq(k + 1), in-

stituting it into (19) and the transfer function between compen-

sation Azg4, and disturbance Aig, of the proposed SRC method
can be derived as

Q(2) = Aigy (k) /Niag (k) = ==V /(1+27Y). (20)
The amplitude of Q(z) is as follows:
1Q(2)| = 1/v/2[1 + cos (27w /w,)]. @21

It clearly shows that SRC is a resonant unit with the resonant
frequencies (0.5 + n)w,, (n =0, 1,2, ...). Defining a kth order
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Fig. 4. Frequency responses of the conventional RC, Algo-1, and proposed
SRC-2.

resonant unit Py (z) as

Pi(2) = Z*N/(Zk)/[l + ZfN/(Z’k)].

(22)

Thus, the resonant frequencies of Py (z) are (1 + 2n)kw,.
The proposed SRC can be decoupled as a series of resonant
units operating in parallel as shown in the following equation
and it covers all orders of frequencies kw; :

—Q(2) = Pi(2) + Pa(2) + Pu(2) + Bs(2) + -+ .

The strength of harmonic decreases rapidly as the harmonic
order increases, and the quantizing error will increase when
the order of resonant unit Py (z) rises. Thus, a reduced order
SRC controller Csrc_o with the first- and the second-order
resonant units is utilized as shown in (24) to simplify the system
structure. The SRC-2 is only lacking of resonant frequencies
4kw, compared with the complete controller as shown in (23);
however, it significantly reduces the complication of the SRC-
based control system

—Qsrc-2(2) = Pi(2) + P2 (2)
Csro_2(2) = 27 N/2 4 2= N/4,
Besides, Siami et al. [11] proposed a compensation algo-

rithm (Algo-1) as shown in the following equation to suppress
disturbance:

Aiig (b + 1) = ki [faq (k) = 2 Viag (k + 1)
i, (k+1) = i3, (k+ 1) + Aigy (k + 1).

(23)

(24)

(25)

The predictive current error in the last period is used as com-
pensation and ky is the weighting factor of this compensation.
It is evaluated with a positive constant less than unit to ensure
stability. For the Algo-1 method, the transfer function between
compensation and disturbance can be derived as

{ —Qango-1(2) = —Adag (k)/Aiag (k) = Ky /(1 + k)
CAlgofl (Z) = kj

(26)

Frequency responses of the conventional RC, Algo-1, and

the proposed SRC-2 method are presented in Fig. 4. The pro-

posed SRC-2 method provides large amplitude gains and en-

hanced tracking abilities at the resonant frequencies, and the
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dc drifts issue introduced by conventional RC as mentioned in
Section III-A has been canceled because the resonant gain for
dc component is intentionally removed in SRC-2. Besides, com-
paring Algo-1 with the proposed SRC-2 method, the former one
will introduce tracking error in the steady-state, whereas SRC-2
can obtain much better tracking performance with the benefits
of resonant unit. The SRC-2 and Algo-1 method are equivalent
when dealing with the dc drifts and harmonics at 4kw, because
SRC-2 is lacking of resonant units at these frequencies.

C. Compensation of Quantizing Error

To promote the stability of the control system, the output
filter of RC is usually evaluated with a constant value, a first-
order low-pass filter, a high-order Butterworth low-pass filter,
or probably a finite impulse filter [18]-[22]. Besides, since a
digital processor is adopted to quantize the resonant frequency,
quantizing error will be introduced when the fundamental period
t. cannot be completely divided by the sampling period T
because the number of sampling point is limited to an integer.
Thus, the phase error will be introduced due to the inaccuracy
of quantizing for fundamental frequency. For these reasons, an
output filter with phase compensation is designed to ensure
stability and to correct the phase error for SRC. The kth order
SRC unit Csrc(k, z) and its phase are presented in the following
equations, respectively:

Cno(k, 2) = 2~ V/ )
/Cspe(k, jw) = =05k - wt,

27
(28)

where N is the quantized integer of fundamental period ..

Assuming that 2k N + D)T is the theoretical quantizing re-
sult of ¢, with the sampling time 7§, where D is the fractional
component. An integer N nearest to t./ (2kTy) is selected to
provide the least approximating error, thus, the actually imple-
mented fundamental period is 2k N'T, and the residual part is
limited to —0.5 < D < 0.5. The quantizing phase error can be
derived as

AZCspe (k, jw) = —0.5Dk™" - T, (29)

To correct this quantizing error, a phase compensation block
V}. is proposed in (30) and its phase is given in (31)

Vi(z) = (1 —0.5Dk™ ) 4+ 0.5Dk 27! (30)

ZVi(jw) = — atan {0.5Dk™" sin(wT})/[1 — 0.5Dk™"

+0.5Dk ™" cos (wT})]} 31

Since the frequencies of lower harmonics are far less than
the sampling frequency as w7, < 2m, the phase of Vj can be
simplified as

LV (jw) = —0.5Dk™" - wT. (32)

It clearly shows that the phase error is corrected as
LV (jw) = AZLCsrc (k, jw). The implementation of V}, is pre-
sented in (33), and the proposed resonant unit Py (z) after
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compensating is shown in (34)

Vi(z) = (1 — 0.5Dk™') +0.5Dk 12!

N = round [t./ (2kT})] (33)
D=t,/T, — 2kN
Pu(z) = 2 N/@h) Vk(z)/ [1 42N/ Ly (z)] (34)

The frequency response of P»(z) with corresponding phase
compensations are presented in Fig. 5. The quantizing error of
the fundamental frequency causes the implemented frequency
departing from the theoretical one without compensation. For
instance, the digital implementation of fundament period pro-
duces a quantizing error D = 0.486, as a result, the implemented
resonant frequency shifts to the right side of the theoretical fre-
quency before compensating. When the proposed compensation
Vi is applied, the finally implemented frequency is almost the
same as the theoretical value. The proposed phase compensation
block succeeds to correct both positive and negative quantizing
errors as Fig. 5 shows, thus, the tracking accuracy of the resonant
frequency for the proposed SRC is promoted.

D. Implementation of SRC in MPC-Based PMSM Drives

Structures of the proposed compensated SRC-2 and the MPC-
based PMSM drive system using this method are presented in
Fig. 6. The open-loop SRC with two resonant units (SRC-2)
and phase compensation are utilized as shown in the following
equation and Fig. 6(a):

Csro_s(2) = &, [Z’N/QVI(Z) 12N (2) (35)

where a positive constant coefficient %, is provided to ensure
system stability.

Compared with the conventional RC, the proposed SRC-2
contributes to a simplified structure and maintains much higher
tracking accuracy for harmonics, and moreover, it provides
faster response speed and just needs half of the memory oc-
cupied by the conventional RC. The proposed SRC-2 can be
easily implemented in the MPC-based PMSM drive system as
presented in Fig. 6(b), in which, an original current command
iy, is produced by a general PI speed regulator, and then the
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Fig. 6.  Structures of the proposed SRC-2 and its implementation in MPC-
based PMSM drives. (a) Proposed SRC-2 method. (b) MPC-based PMSM
drives.

predictive current error is send to SRC-2 as input. The output
compensation A%dq is added to the reference to generate the
final current command ;. Based on this compensated current
command, MPC controller generates the needed stator volt-
age vy, to drive the PMSM machine. The predictive current is
corrected that it helps MPC producing a much more reasonable
output voltage, thus, the system’s robustness against disturbance
is significantly enhanced.

Considering the analysis in Section III-B [see (19)], the
proposed SRC method for MPC-based PMSM drives can be
described as

iZz](k + 1) = Zflq(k + 1) + CSRC—? |:7A'dq(k) - qu(k):| . (36)

The PMSM model is simplified as G, (z) = 1 and iy, = 44,
will hold, while the dead-beat strategy forces i’r}q(k: +1)=
144 (k + 1), thus, the predictive error i , Of the proposed SRC-
based control system can be derived as

5y (k4 1) = g (k +1) — iy (k +1)=(~Csnc—2)" 5, (0)

(37
where i, (0) is the initial value of predictive error. To guarantee
the stability of the SRC and MPC-based PMSM drive system,
the amplitude of C's 2 should be limited inside the unit circle.
Taking (35) into consideration, the stable conditions can be
acquired as

|[Csrc—2(2)]| <1=0<k <0.5. (38)

IV. SIMULATION RESULTS

The MPC-based PMSM drive system is built to val-
idate the proposed SRC method through simulation in
MATLAB\Simulink. The system parameters are listed in Ta-
ble 1. To prove the efficiency of the proposed SRC method,
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TABLE I
PARAMETERS OF THE MPC-BASED PMSM DRIVE SYSTEM

Parameter Symbol Value
Pole Pairs ny 4
Stator Resistance Ry 0.338Q
Stator Inductance Ly 1.515 mH
Magnet Flux Amp. D, 0.0884 Wb
Nominal Speed ny 3000 rpm
Nominal Current Iy 8.0 A
Load Current I 6.3 A
DC Link Voltage Uge 150V
Sampling Period T, 100 us
Deadtime tq 3us
Gain of Algo-1 ky 0.80
Gain of SRC-1 k, 0.80
Gain of SRC-2 kr 0.40
Coefficient of Ref. ki 0.75
7 . : . —
—_ Comp. enable point.
R T LWL L Y
S
5 Half take effect.
1 T T T T T
Before comp.. After comp..

[N A A S g

<—--All take effect.

0.26

0.28 0.3 0.32

Time (s)

034 036 0.38 0.4

Fig. 7. Simulated stator currents before and after compensating using SRC-2
with injected current distortion (n = 500 r/min).

comparisons are conducted under the same circumstances for the
four methods including the conventional MPC method (Conv.),
the Algo-1 method as shown in (25), the proposed SRC-1
method with the first-order resonant unit as shown in the fol-
lowing equation, and the SRC-2 method with the first- and
second-order resonant unit as shown in (35):

COsre_1(z) = k. - 272V (2). (39)

To validate the effectiveness of the proposed SRC method
with external disturbances, dc current drifts with 1.25% of the
nominal current Iy are added to i,, %3, and 7., and moreover,
15% amplitude distortion is injected into i, as shown in the fol-
lowing equation. The detailed simulation results are presented
as follows:

Vo =1 +1.26% - Iy, 1y =1y —1.25% - Iy,

i'e =115 i+ 1.25% - Iy. (40)

The simulated stator currents of PMSM with injected current
distortion before and after compensating using SRC-2 are pre-
sented in Fig. 7, in which, the compensation provided by SRC-2
is suddenly added at 0.3 s. Before compensating, currents in
dg-axes are excited rapidly with harmonic frequencies w, due
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TABLE II
SIMULATED CURRENT FREQUENCY SPECTRUMS (%) OF STATOR CURRENT
WITH INJECTED CURRENT DISTORTION (I, = 4.0 A, N = 1500 r/min)
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TABLE III
SIMULATED THD (%) OF STATOR CURRENT FOR ALL-SPEED REGIONS
WITH INJECTED CURRENT DISTORTION (I, = 6.3 A)

Controller DC om 4™ 5 7% Controller  300rpm 500 rpm 800 rpm 1200 rpm 1500 rpm
Conv. 0.32 1.37 0.44 2.71 1.43 Conv. 5.56 5.28 4.72 4.10 4.06
Algo-1 0.14 1.41 0.38 1.76 0.85 Algo-1 3.57 3.50 3.43 3.62 3.45
SRC-1 0.37 1.13 0.38 1.50 0.59 SRC-1 3.34 343 3.30 3.03 2.85
SRC-2 0.12 0.95 0.25 0.56 0.30 SRC-2 236 2.44 2.5] 223 235

Controller " 13" 7" 19" THD
Conv. 0.72 0.52 1.11 0.67 3.75 o ) )
Also.l 023 056 - o 2110 parameters, which include the stator resistance Ry, stator induc-

go- ’ ’ ’ ’ : tance L, and magnet flux ¢,, as shown in (41). The simulated
SRC-1 0.24 041 0.76 0.46 256 stator currents of PMSM with these mismatches are presented
SRC-2 0.23 0.28 0.32 0.30 2.11 in Fig. 8. The compensation provided by SRC-2 is suddenly

to the existences of disturbances, and the current is distorted at
peaks and zeros as markers “1” and “2” indicate, respectively.
However, the current ripple in 74 is significantly reduced af-
ter the compensation taking effects, and the current distortion is
obviously promoted as markers 1" and 2" show. Most impor-
tantly, SRC-2 takes effects in a quarter of fundamental period
after the compensation is enabled, and significantly changes
are observed in half of fundamental period after compensating.
Thus, SRC-2 responds faster than the ideal RC which delays for
one fundamental period as theoretically analyzed.

The simulated harmonic spectrums of stator current with in-
jected current distortion for the four methods are presented
in Table II. The four systems operate at the same condi-
tions with control frequency f; = 10 kHz and speed command
n = 1500 r/min, and the maximum considered harmonic fre-
quency is 5.0 kHz. The Algo-1 method performs well in elimi-
nating the fifth, seventh, and 11" harmonics which are mainly
caused by the deadtime effects, but it cannot efficiently suppress
the second, 13th, 17th, and 19th harmonics. Results show that
both SRC-1 and SRC-2 method outperform Algo-1 method in
eliminating harmonics. The fact that SRC-2 with two resonant
units performs better than SRC-1 with one unit also indirectly
proves the effectiveness of the proposed SRC method. More-
over, SRC-2 significantly suppresses all kinds of harmonics and
obtains the least current total harmonic distortion (THD), for
instance, it provides 43.7% reduction of THD compared with
the conventional MPC.

Additionally, the THD of stator current for all-speed regions
with injected current distortion is presented in Table I11. It clearly
shows that SRC-2 is effective in wide speed ranges and produces
the least THD among the four methods. For lower speeds less
than 150 r/min (10 Hz), the proposed SRC method is essentially
the same as the Algo-1 method because of the limitation of
predefined memory size N = 1000 (10 kHz/10 Hz). The effective
speed range in low-speed region can be easily extended by
increasing the memory size but may probably lead to increased
costs.

Besides, the effectiveness of the proposed SRC method
is separately verified through simulation with mismatched

added to system at 0.3 s, and for all the three cases, the cur-
rent ripple and distortion introduced by parameter mismatches
are significantly reduced after the compensation taking effects.
Simulation results prove that the proposed SRC-2 method can
efficiently promote the parameter robustness of the MPC-based
PMSM drive system

case l: R’y = 4.0R,
case2: L'y = 0.85L,
case3: ¢/, = 0.85¢,,.

(41)

V. EXPERIMENTAL RESULTS

A digital signal processer (DSP) named TMS320F28335 is
used as the core of MPC-based PMSM drive system to imple-
ment the proposed SRC method. The detailed setup of experi-
mental platform is presented in Fig. 9, in which, two PMSMs
are driven by independent electrical drives operating in oppo-
site directions, and they are coaxially connected and fixed by
a coupler to emulate the load condition. System parameters of
experiment are the same with that of simulation as shown in
Table I. To validate the effectiveness of the proposed SRC
method, PMSM drive systems with three methods including the
conventional MPC method (Conv.), the Algo-1 method as shown
in (25), and the proposed SRC-2 method are compared under
the same conditions. The variables are sampled and stored into
a specified memory with a sampling frequency 10 kHz which
is the same as the control frequency. Thus, the information for
every control step is completely recorded during operation, and
then all stored signals are read out and drawn aligned with time
sequence.

To validate the ability of proposed SRC in suppressing cur-
rent disturbances, external current distortion as shown in (40) is
injected for experiment. The PMSM starts from standstill and
enters the steady-state with speed command n = 1500 r/min
and load current 6.3 A, and then, the reference speed suddenly
jumps from 1500 to 500 r/min at 2.0 s. The speed and current in
dg-axes during starting up and braking are presented in Fig. 10.
All methods operate properly with external disturbance and dur-
ing speed up and down processes. Moreover, SRC-2 responds
faster than other two methods as shown in Fig. 10(a) during
starting up, for instance, to reach the reference speed, SRC-2
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Fig. 8.  Simulated stator current before and after compensating using SRC-2

with parameter mismatch (n = 500 r/min). (a) Case 1: 4.0 R;. (b) Case 2:
0.85 L. (c) Case 3: 0.85 @, .

uses time #,3 = 0.38 s which is nearly 60% of time ¢,; = 0.66s
used by the conventional MPC. When the PMSM starts from
standstill, the output of a PI controller, namely, the current refer-
ence is increasing with time as Fig. 10(b) shows. The controllers
enter saturated state and their references keep constant (9.0 A)
as specified by the limitation of PI. Errors between the refer-
ences and actual currents are observed due to the existence of
disturbances. SRC-2 produces the least tracking error compared
with Algo-1 and the conventional MPC. Most importantly, the
current reference of SRC-2 converges to the predictive current
when the compensation is enabled as theoretically analyzed in
Section III-B.
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Fig. 9. Experiment platform of the MPC-based PMSM drive system with the
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Fig. 10. Experimental speed and stator current during starting up and braking
with injected current distortion. (a) Rotor speed. (b) Stator current ¢, in g-axis.

The experimental stator currents and corresponding fre-
quency spectrums for the three MPCs with injected current
distortion are presented in Fig. 11. The detailed frequency spec-
trums of stator current for the three MPCs are presented in
Table IV. The PMSMs are operating with speed command n =
1500 r/min and load current 6.3 A. Comparative results illus-
trate that SRC-2 produces the least current ripple and tracking
error in both d- and g-axis among the three methods. The ref-
erence current of SRC-2 strictly follows the predictive current,
and a much more accurate current command is produced after
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Fig. 11. Experimental stator current and frequency spectrum with injected

current distortion (n = 1500 r/min). (a) Current i, in g-axis. (b) Current 74 in
d-axis. (c) Frequency spectrum.

compensating, thus, the proposed SRC-2 method enhances the
system’s robustness against current disturbances. Besides, sim-
ilar to the simulation results as presented in Section IV, Algo-1
eliminates parts of the harmonics with limited improvements,
whereas SRC-2 significantly decreases all harmonics listed in
Table IV and it outperforms Algo-1 and the conventional MPC
with the least harmonics. The THD of stator current is reduced
from 3.77% (Conv.) and 3.37% (Algo-1) to 2.64% for the pro-
posed SRC-2, i.e., SRC-2 produces performance enhancement
with 30.0% and 21.7% reduction of THD compared with the
conventional MPC and Algo-1, respectively.
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TABLE IV
EXPERIMENTAL CURRENT FREQUENCY SPECTRUMS (%) OF STATOR CURRENT
WITH INJECTED CURRENT DISTORTION (I;, = 6.3 A, N = 1500 r/min)

Controller DC oM 4" 5t 7h
Conv. 245 3.74 1.32 1.83 1.20
Algo-1 137 3.04 1.29 2.15 137
SRC-2 1.34 2.00 0.69 1.40 0.87

Controller 1" 13" 17" 19" THD
Conv. 0.08 0.10 0.20 0.15 3.77
Algo-1 0.06 0.26 0.36 0.29 337
SRC-2 0.05 0.10 0.24 0.16 2.64

Three-phase current iabc (A)

1.34 1.345 1.35
Time (s)
(a)

1.355 1.36

Three-phase current Libe (A

1.34 1.35 1.36 1.37 1.38 1.39 14
Time (s)
(b)

Three-phase current iabc (A)

Time (s)
(©)

Fig. 12.  Experimental three-phase stator current with injected current distor-
tion. (a) n = 1500 r/min. (b) n = 500 r/min. (¢) n = 50 r/min.
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Fig. 13. Experimental stator current before and after compensating using

SRC-2 with parameter mismatch (n = 500 r/min). (a) Case 1: 4.0R;. (b) Case 2:
0.85L. (c) Case 3: 0.85P,, .

The experimental three-phase stator currents for the three
MPCs with injected current distortion are presented in Fig. 12(a)
with speed command » = 1500 r/min, in Fig. 12(b) with n =
500 r/min, and in Fig. 12(c) with n = 50/r/m, respectively.
All methods are compared under the same load 6.3 A, and
for high-speed regions such as 1500 and 500 r/min, SRC-2
produces the least current distortion compared with Algo-1 and
the conventional MPC as the markers “1,” “2,” and “3” show.
For lower speeds such as 50 r/min as shown in Fig. 12(c), the
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TABLE V
EXPERIMENTAL THD (%) OF STATOR CURRENT FOR SRC-2 WITH PARAMETER
MISMATCH (N = 500 r/min)

Before comp. After comp.
Para. mismatch
Base (A) THD (%) Base (A) THD (%)
Case 1: 4.0R, 6.28 2.72 6.26 1.48
Case 2: 0.85L; 6.20 2.81 6.12 1.75
Case 3: 0.859,, 6.17 2.62 6.14 1.86

proposed SRC-2 method is essentially the same as the Algo-1
method.

Moreover, the proposed SRC-2 with mismatched parameters
including the stator resistance I, stator inductance L, and
magnet flux ¢,, as shown in (41) are separately verified through
experiment, and the results are presented in Fig. 13(a)—(c), re-
spectively. The THD of stator current of SRC-2 before and after
compensating are presented in Table V. Similar to the simula-
tion process, the compensation provided by SRC-2 is suddenly
added to the system at 0.3 s. According to the experimental re-
sults, the current ripple and distortion introduced by parameter
mismatches are well compensated as Fig. 13 and Table V show.

VI. CONCLUSION

The performance of the conventional MPC-based PMSM
drive system will be deteriorated due to the existence of external
disturbances. The effects caused by certain kinds of disturbances
such as parameter mismatch, current distortion, and deadtime
effects are theoretically analyzed. And then, the SRC method
based on the internal model theory is proposed to improve the
system robustness. In which, an open-loop SRC-2 controller
with the first and second resonant unit is utilized, and moreover,
the output filter is designed to ensure system stability and to
correct the quantizing error of frequency. Finally, a robust MPC
for PMSM drive system with the proposed SRC-2 method is
implemented, and the feasibility and effectiveness are validated
through both simulation and experiment. When the PMSM starts
from standstill, the proposed SRC-2 method responds fast and
it just needs 60% of time used by the conventional MPC to
reach the reference speed. And in the steady-state, it shows 30%
and 22% reduction in THD of stator current compared with the
conventional MPC and Algo-1 method, respectively.
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