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Model Predictive Control Using the Singular
Perturbation Theory for Permanent-Magnet
Synchronous Machines

Qi Li"”, Haiming Li"”, Jianbo Gao

Abstract—This study presents a permanent-magnet syn-
chronous machine (PMSM) model using the singular perturba-
tion theory to obtain the reduced-order model. The fast and slow
subsystems of the PMSM drive system are decoupled. The electri-
cal machine’s two-time scale property is fully utilized for model
predictive control (MPC). An enhanced MPC control strategy is
designed to provide dead-beat speed control and improved pre-
dictive current control for the external and internal loops. The
singular perturbation theory of the PMSM is investigated and
assigned to boundary-layer and quasi-steady-state models. The
proposed algorithm, built on a dual-core DSP, achieves quick tran-
sient dynamics and steady performance. The experimental results
confirmed that the proposed method is robust to varying electrical
machine parameters and disturbance torque uncertainty.

Index Terms—Electrical drives, model predictive control (MPC),
permanent-magnet synchronous machines (PMSMs), singular
perturbation theory.

1. INTRODUCTION

IELD-ORIENTED control (FOC) and direct torque control
F (DTC) combined with proportional-integral (PI) control in
a cascaded scheme are typically current and speed control meth-
ods for electrical machines. However, setting the appropriate
parameters of the cascaded structure is a prerequisite for stable
drive performance.

In the last decades, model predictive control (MPC), which
differs from the concept of feedback control, has been thor-
oughly investigated as an intelligent control approach. MPC
enables its application and draws significant interests in power
electronics and electrical drives due to the rapid development
of microprocessors and more powerful digital microcontrollers
with outstanding computing capabilities [1], [2]. MPC naturally
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provides advantages over FOC and DTC [3], [4], including in-
tuitive principles, affordable calculation, nonlinear constraints,
and lower switching frequency [5], [6]. Finite control set model
predictive current control (FCS-MPCC) has attracted numerous
attentions of many researchers [7], [8], [9], [10] because it en-
sures desirable current. FCS-MPCC does not need the weighting
factor for the dq current track.

Many studies describe the MPC algorithm for the electrical
drive, considering both speed and current control. In the con-
ventional MPCC, the PI controller maybe influence the control
performance of the whole control system so that several methods
can eliminate the PI outer loop in the cascade control structure.
The speed control strategy based on MPC in the variable fre-
quency drive systems can be divided into two categories: model
predictive direct speed control (MPDSC) [11], [12] and cascaded
predictive speed control [13], [14]. FCS-MPC combination with
cascaded continuous and finite set MPC (CCF-MPC) is depicted
in a cascaded structure of the electrical machine. CCF-MPC
enables a tradeoff between the granularity of prediction steps
and the prediction horizon length [13]. In [15], a discrete-time
state-space model is presented, and the continuous control MPC
is implemented on an industrial personal computer to demon-
strate the fundamental functionality. In [16], a hierarchical speed
and current control framework utilizing MPC in combination
with a moving-horizon estimator are presented to guarantee
optimal performance control. The autoadaptive discrete-time
state-space model with the fuzzy-logic technique is proposed
for providing speed control in an induction machine [17]. The
proposed discrete-time reduced-order generalized proportional-
integral observer reconstructs the virtual system states as well
as the lumped disturbances for the output speed prediction [18].
A direct voltage-vector selection-based MPDSC method with
a sliding-mode load-torque observer is intended to avoid the
weighting factor [19]. An enhanced generalized predictive con-
trol (GPC) method is proposed to address the noise and distur-
bance issues [14]. It demonstrates the GPC is prospective for
permanent-magnet synchronous machine (PMSM) drive sys-
tems due to its dynamic performance and disturbance rejection
capability.

Although the previous methods have obtained some success,
there are still some issues that needed to be noticed for the
practical application.

1) The appropriate weighting factors in the cost function

must be determined and tuned through a large number
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of experiments and simulations, which is time consuming
and not conducive to future applications.

2) The prior studies are mainly focused on dynamics within
the inner current loop, whereas secondary controllers gen-
erally act on slowly varying aggregate models that lack
current dynamics. Thus, such approaches are insufficient
for use in cascaded control strategies with tight coupling
at fast time scale.

3) The previous methods predict the long horizon steps of
the machine speed. In the practical application, there is a
challenge for the microcontroller in which the multivector
predictions are adopted to improve the control perfor-
mance of the whole speed prediction control system. It
means the calculation burden is further increased.

4) MPC is vulnerable to model parameter variations owing
to temperature and operating pointing variations. These
factors have an adverse effect on performance.

Most of the aforementioned research is based on the pre-
sumption that the electrical variables have significantly faster
dynamics than the mechanical variables, leading to largely re-
quired prediction horizons and high computational effort. The
conventional control system samples the slow and fast subsystem
output values at different sampling frequencies. As such, the fast
subsystem evolves on a time scale on which the slow subsystem
appears constant. Consistently, assuming that the fast subsys-
tem is converged to a quasi-steady-state value. This traditional
analysis leads to missing coupling information between the
two-time scale models in the prediction step, affecting the con-
trol accuracy. Moreover, the slow subsystem prediction remains
holding at the noncoincident sampling period. It also degrades
and weakens the dynamic performance of the system. However,
this assumption allows us to investigate the electrical and me-
chanical dynamics separately. Therefore, the MPC’s cascaded
structure, which inherits the benefits of constructing each control
loop independently, is highly promising. We consider a singular
perturbation theory to be a natural method for addressing these
issues and studying the electrical machine.

The singular perturbation method’s multitime scale approach
is one of its essential characteristics [20], [21]. The fast and
slow subsystems are viewed as two separate subsystems using
the singular perturbation theory [20], [22]. When analyzing the
dynamic process of the slow subsystem, the fast subsystem’s
contribution to the slow variable’s transition process is disre-
garded, and the fast subsystem’s transitory process is assumed
to have terminated and reached its steady state or quasi-steady-
state [23]. It is believed that the change of the slow variables
can be ignored, and its initial value can be maintained when
studying fast variable dynamic processes. The reduced-order
model of power-electronic converters in microgrids [24], [25],
as well as photovoltaic-powered grid-forming converters [26]
is suggested. The proposed configuration takes into account the
dynamics and preservation of physical meaning. This is achieved
by dividing the system into the fast and slow subsystems via
singular perturbation. The utilization of a singular perturbation
approach has been found to be an effective method to suppress
mechanical resonance in flexible servo systems [27] or joint
robots [28]. The stability analysis of the closed-loop system of
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the PMSM is conducted using the singular perturbation theory
and the averaging theorem, as discussed in [29] and [30]. Zhao
et al. [31] propose a model-free control scheme for the PMSM
through reinforcement learning and singular perturbation.

In this article, the model predictive current control is pro-
posed based on the singular perturbation theory for the high-
performance control of the PMSM. In contrast to the existing
singular perturbation theory, the proposed method not only
enables the prediction of the speed and current horizon and
sequences with the reduced-order model in real time but also
achieves an optimal model speed track for the PMSM. This
control scheme exhibits strong parameter robustness and the
capability to reject torque disturbances.

The contributions of the article are briefly summarized as
follows.

1) We establish an enhanced MPC control strategy that en-
sures the design of the dead-beat control for the external
speed loop and improved predictive current control for the
inner loop separately without weighting factors.

2) The singular perturbation theory is proposed to provide
a framework for studying the two-time scale system and
decoupling the fast and slow dynamics of the PMSM drive
system, which can significantly obtain the reduced-order
model. Besides, the reduced-order model has a fast current
response and torque disturbance rejection capability.

3) The predictions of both slow and fast models for all the in-
stants are analyzed and improved to get a high-bandwidth
speed response. The calculation time of the predictive
speed horizon is saved.

4) The application of the singular perturbation theory is em-
ployed to assess the robust stability of parameter variations
and torque disturbance, which is further validated through
experimental analysis conducted under various situations.

The remaining sections of this article are organized as follows.
Predictive current and speed control for the singular perturbation
model of PMSM drives are proposed. First, the singular per-
turbation theory is examined to develop quasi-steady-state and
boundary-layer models for general control functions, whether
linear or nonlinear. The second step is the development of MPC
with singular perturbation in two-time scale to optimize sam-
pling and prediction. Third, a detailed explanation the singular
perturbation theory in the predictive current control (SPPCC)
method based on the PMSM is given. This strategy realizes
the proposed SPPCC on dual DSP core. Four experimental
tests confirm the effectiveness of the proposed current control
strategy.

II. DESIGN OF MPC WITH THE SINGULAR PERTURBATION
THEORY

A. Singular Perturbation Theory

The singular perturbation theory is applicable to system state
equations where the derivatives of state variables depend on
a small positive parameter ¢. The so-called standard singular
perturbation model is represented as follows:

$1 = f(t,$1,$2,6) (1)
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6:-i-:Z =g (t; Ty, T2, 6) (2)

where ¢ > 0is the running time. ; € R™" and &, € R™ are the
state variables of the dynamical system. f and g represent the
system state function.

If setting € = O abruptly alters the dynamic features of the
system, then the differential equation degenerates into an al-
gebraic equation. Consequently, the system’s order changes
from n; + ny to ny. The system (2) solution for ¢ = 0 will be
represented by ;s and x,. The following equation explains the
correlation between x, and x,:

Ozg(t7w157w2570) = T2s :h(tvwls)~ (3)
Combining (3) with (1) yields the quasi-steady-state model
-'bls :f(taxlsah‘(t7w]s)70)' (4)

It is evident that the model (4) describes the system behavior in
a slow-time scale. It is thus called slow or the reduced model.
The forthcoming analysis will result in a change of coordinates
for the dynamical system’s fast model

a:zf:mth(t,ml). (5)

The new coordinates x>y € R™ denote the deviation of ; from
its steady-state value h(t, ;). In the new variables =, and @,
the new complete singular perturbation model is rewritten as
follows:

T :f(t,w17(132f+h(t,$1),6)

oh (t
Em'zf:g(t,$1,$2f+h(t,.’131),6)76%
oh (t,
_e%f(tvwlaaaf"_h(t»w])ve)' (6)

Therefore, the quasi-steady-state model (6) can be stated by
setting xpr = 0. The new time base variable is stretched by
v = (t — to)/e, where % is an initial point time

d.’Bzf o dﬂ)z f

dt = ed = . 7
edv = € 7 o (7)

The quasi-steady-state model (6) can be expressed in the v new
time base as

das Oh (t,x1)
Ty‘f :g(t7ml’m2f+h(t7ml)’e) _eT
Oh (t,x
‘E%f(t,ml,wzﬁh(tvwl),ef (®)

Since in the v time scale, ¢t = tg + ev and @1 = @ (to + ev),
the variables «; in (8) exhibit sluggish variation. When € = 0,
the variables x;(t) gradually deviate from their initial values
@ (o). It also reduces (8) to the autonomous system

d
T2 = g(to,@ (o) @2y + (@i (o) 1) .0). (9)

It is assumed that solution x4(¢) is defined for ¢ € [0, ¢;] and
x1s € D; C R™. The autonomous system (9) is then rewritten
as

d@ay _

7 (10)

g(t, @, 2+ h(t,x1),0)
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which is known as the boundary-layer model. For the boundary-
layer model’s (9) fundamental stability property, the controller
design is regarded as the uniform exponential stability of the ori-
gin in freezing parameters. The Tikhonov theorem is presented
in other literature [21] and is vital for stability. The singular per-
turbation theory applies not just to linear time-invariant systems
but also to linear time-varying and nonlinear systems. It is based
on the system time scale features rather than the generic linear
or nonlinear characteristics.

B. MPC in Two-Time Scale

After the singular perturbation model has been analyzed, MPC
based on the two-time scale features is incorporated into the
optimization in Fig. 1. The following assumptions are defined in
the MPC algorithm, which takes into account different sampling
periods and predictive horizons.

1) Ty = nTy. T, and Ty are the sampling periods of the slow

and fast models, respectively.

2) Py <T,/Ty. Ps is the predictive horizon of the slow

model, and P is the predictive horizon of the fast model.

3) U(i) =U(i — 1) + AU; (i) + AUs(3). The control vari-

ables of fast and slow models are represented by U (%).
U(i — 1) is the last instant’s state variable. AUy () and
AU, (1) are the control increments of the fast and slow
model.

When the sampling instants of the fast and slow models
coincide, the system can simultaneously sample the outputs of
the fast and slow models. In this case, the control variables
calculated from the slow model influences the output of the
fast model. Similarly, the control variables computed from the
fast model also affects the output of the slow model, so the
control response of the system at this instant is the result of
the superposition of the control effects from the fast and slow
models.

The objective optimization function of the system at the
coincident sampling instant is written in the following form:

minJ, = [¥, (i) - Y7 (i)

2+ AU,
+ Y3 (6) = Y7 ()5, + AU (i) %,

Y, = B;:] , and Yy = Bﬁfj (11)
where Y and Y" are the reference values of the slow and fast
model. Yy is the predictive sequence values of the slow model
at a slow sampling instant. Yy; is the predictive sequence values
of the slow model at a fast sampling instant. Y is the predictive
sequence values of the fast model at a slow sampling instant.
Yy is the predictive sequence values of the fast model at a fast
sampling instant. Q¢, s, Q, and 12, represent weighting factor

matrices of dimensions, respectively.

yee(7 + 1[7)
s (i + 2[i)

yee(7 + 1[7)
e (4 + 2[7)

Yie(2) =
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Coincident Sampling

Sequence values Y¢(7)
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Sequence values  Yio(I)

ysf(i + 1) ySf(i + 2) ysf(i + 3) ysf(i + Pf) yss(I + 1) yss(I + 2) yss(I + Ps)
t t t +
| | | | Slow model
: : : : Calculation time for slow model ¢
T i i | | 1 TR
! : : : : Calculation time for fast model |
Fast model
BEEEBRANND §
i 1+1 z+2 z+3 Z+Pf 'H—n .H-Psn
¥ v
ya(i+1) ya(i + 2) ya(i + 3) yg(i+ Pr) yff(Z +n) yr(i +2n) ... yw(i+ Pn)
+
Sequence values Y7 (7) yis(I +1) yes( +2) yis(I + F)
Sequence values Y (1)
Fig. 1. MPC in two-time scale.
[ yes (I + 1[T) | [ e (i + i) Yy = Lgiq (16)
I+2|I L+ 2nt
V() = Yrs ( + 1) _ Yrs (i + nli) where 9y is the permanent-magnet flux, and Ly and L, are the
: : inductance in dg-axes.
| yis (I + Pr|I) | Yis (1 + Ppnli) The mechanical model of the PMSM can be obtained as
_ - _ ) . follows:
Yss(L +1|1) Ysr(i + 1]4)
v Yss(I +2|1) Yot (i + 2ni) .
() : = : a2 piq + (La — L) idiq) = Jiom + Bywm + Ty
| Yss (1 + P |I) | | yst (i + Pynli) 17)

where i is the fast sampling instant, and [ is the slow sampling
instant. When the sampling instants of the fast and slow models
do not coincide, the system can only sample the output of the fast
model because it is not the sampling instant of the slow model.
Consequently, the conventional method can only transmit the
output of the fast model at this instant and hold the last slow
sampling value of the slow model to predict the sequence value
of the system.

For the control in this article, both the slow model’s sampling
value and the predictive sequence values are utilized. The pre-
dictive sequence values for noncoincident sampling instants in
(12) are not limited to the fast model. The system’s control effect
depends on the predictive sequence values of both the fast and
slow models.

III. PROPOSED ARITHMETIC MODEL OF PMSM DRIVES

The mathematical model of the PMSM can be described by
a well-known set of equations in the synchronously rotating
reference coordinates. The stator voltage equations are set as
follows:

vg = Rig + 1 — wety
vg = Rig + qu + wetha

13)
(14)

where vg, vy, 14, and 7, are the dg-axes voltages and currents in
the rotating frame, respectively. 2 is the stator resistance. w, is
the electrical angular velocity. ¢4 and 1), are the stator flux.

g = Lqiq + 1y (15)

where B, is the friction constant, J is the inertia constant,
and w,, is the mechanical angular velocity. T, and 77, are the
electrical torque and load torque, respectively.
The stator voltages in the two-level voltage source inverter
can be expressed in the stationary and synchronously rotating
reference coordinates

1 1 _17 [va
|:’Ua:| _ 2 2 vp

] =3 o) e ][]

3
where v, and vg are the voltages in the stator reference frame;
and v,, vy, and v, are the phase voltages of the PMSM, respec-
tively. 0, is the electrical angle.

The d-axis reference current iy = 0 for surface-mounted
PMSM (SPMSM) is a suitable control strategy. It approximately
eliminates the couplings between the speed and current [32].
Meanwhile, neglecting the 77, to reduce the effect of disturbance
torque, the electromagnetic torque equation can be simplified to

(18)

3 .
T. = Spibriq (19)

where K is coefficient of torque.
Through Laplace transformation of (14) and (17), the follow-
ing results can be obtained:

iq(s) 1

Vg(8) — wehy - sLy+ R

= Kiig = Jéom + Brwm
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Controller Optimazation Se ic] \
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Singular Vdas Vdgf[  predict Current L ldq |dg
Perturbation Equ. - Model abe

Sensor

Fig. 2. Schematic structure of the proposed SPPCC for the PMSM drive.

wm(s) K
ig(s)  sJ+ B,

where w1y is back electromotive force (EMF).

The dynamic performance of the SPMSM can be described
by two time constants, namely electrical time constant % = %
and mechanical time constant B%. The electrical time constant
is the time required for the current to reach 63.2% of its final
value when a zero source impedance stepped input voltage is

applied to a machine maintained in its stalled condition.

(20)

A. Modeling of the PMSM

Assuming € = % and considering w,, as the slow variable,

and 74 and 4, as the fast variables, the typical singular pertur-
bation model of the PMSM can be shown in Fig. 2, we have

¥ =Anx +Apxy +V) (21)

€xy = Aoz + Anxr + Bhu (22)
_ |T1

y= [mz] 23)

where the state vectors are defined as

T =Wn, T3= [iqu}T = [ias + tar, igs + iqf}T

U=Us+uy = [Ud,vq]TZ [’Uds‘FUdvaqs‘i'Uqf}T

and y = [wm, id, iq]T

where the denoted subscript s and f represent variables of slow
and fast model, respectively.

And the coefficient matrixes are denoted as follows:
B’I"
T

T
Yy -1 v 1
Ay = —— Ay = B, =—=
21 |: ) :| ) 22 |:_,y o ) 2 R

An=-—

(24)

where v = we% and w. = pwn, and p is the rotor pairs of the
pole.

When setting € = 0, the standard model of (21) using (3) can
be changed into the reduced model as

28 = h(xs,t) = *Aizl (Ag1x15 + Bauy)

(25)

1 (-1 —
and Ay = ¥ [71 _’I]
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where ug = [vgs, vgs]T and N = 1 +~2.
The quasi-steady state of the PMSM can be obtained in the
following expression:

ils = Asxs + Bsus + ‘/1 (26)
where the coefficient matrixes are given as
A — _ Krpyy By
’ JNR J
Kr
d By= -7,1 27
and By = = [-7,1] 27)

where K1 = %pl/)f.
The boundary-layer model of the PMSM is expressed as
d:L'z f

—— = Ayzoy + Byuy,

0 (28)

and dv = —
€
where xop = [lar, iqf]", Ay = S ,and By = 4.

B. External Speed Loop as the Slow Model

The dead-beat control is the predictive speed approach to
track the speed reference with high bandwidth. The forward
Euler approximation is used to implement the speed control.
The sampling time 7§ for the speed loop is ten times larger
than the current loop sampling time 7', Ty = 107's. Assuming
wm (i + 1) is equal to the reference value wy (i + 1) in the next
instant, it is possible to solve the g-axis stator current reference
as

z:;(z +1) = Aig(i) + Biwm(i) + E\TL(3) + Fiwg, (1 + 1)
(29)
where 77 is calculated by torque load observers [14] and the
coefficient matrix is

B, T, 4.J 4B,  2T,B?
A= —1+ , B =— T -
J 3Lippy  3py  3Jpy
4 2T¢B, 4
=4 2By o M (30)
3pyy  3Jpyy 3Tpyy

C. Internal Current Loop as Fast Model

For the control of the SPMSM, the algorithm of ¢4 = 0 is an
alternative choice. The following assumptions are considered:

1) when the d-axis reference current i}; = 0, vgs = 0 is sup-

posed to happen;

2) un the small-time scale, iy = iqf, and iy = iqy.

Therefore, v4s needs to be calculated from a quasi-steady-
state model (26) as

11 ) JNR

() = (n(i) + L+ Zrin(i) + 2 ) T
where Wi, (1) = (w (i + 1) — wi(2))/Ts. Because wi (i + 1) is

the speed value at the next instant, it easily causes the system to
oscillate. It is necessary to add the following equation in Fig. 3:

€1V

Vae S rvgs o Ve
5 1 ‘;\ ‘> /3
vgs = ife < (32)

_‘/dc - £ Vgs _‘/dc
if=5= < Ve
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’U; xof(i + 1) = Agwos(i)dv
] + Brug(i) + zo5(d)
Vg Vqf
+
Wy Usat up ﬁ_’ T T
Equation(31) .
Efsqumin || | o)t
Fig. 3. Block diagram of the detailed SPPCC.

where V. is the dc bus voltage of the inverter, and X is the
adjusting factor tuned by hand.

The proposed SPPCC is used to track the current in the fast
model. By using the forward Euler approximation for sampling
interval T', the fast model (28) is predicted with the following
discrete-time equations:

l’zf(i+1) :Afsz(i)dV+Bfo(i)dV+sz(i) (33)

where vy 5 = vq — vgs and vgr = Vg — Vgs.
The cost function is shown as follows:

J=lig(i+1) —ige(i + )|+ [ig(i + 1) —dar(i + 1)|. (34)

IV. SIMULATION STUDIES AND EXPERIMENTAL RESULTS

A. Simulation

The proposed SPPCC of the PMSM is developed and vali-
dated in MATLAB/Simulation software. A designed speed loop
is implemented in the subsystem to generate the internal loop’s
reference 4y. The SPPCC algorithm with the quasi-steady state
calculation is expressed in the MATLAB function. The speed
and current needed are sampled in discrete time directly. The
output of a two-level voltage source inverter is a centralized
PWM pulse.

Due to its many benefits, including a fixed structure, well-
developed tuning criteria, and ease of implementation, the PI
controller has maintained a prominent position in the field
of control engineering practice. It has been extensively used
for driver design. The conventional finite control set MPCC
with PI controllers has been proven to have a better dy-
namic performance than common FOC with PI in much re-
search [33], [34], [35]. Therefore, in this part, the dynamic
performance of the SPPCC is compared with the conventional
MPCC. The long prediction horizon GPC has advantages,
such as good dynamic performance and disturbance rejec-
tion [14], [36]. In contrast to other types of MPC, GPC possesses
the intrinsic ability to effectively mitigate the impact of dc
bias resulting from parameter mismatch, thereby presenting a
notable advantage. So, a strategy of GPC as speed controller
and MPCC as current controller is also proposed as a compa-
rable experiment. To better understand the dynamic and steady
characteristics, the simulation comparisons are comprehensively
presented in Fig. 4.

First, the simulations of the SPPCC algorithm, conventional
MPCC, and long prediction horizon GPC are described, and the
results for the PMSM are depicted. The feedback g-axis current
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TABLE I
PARAMETERS OF THE SPMSM

Parameter [[ Value ]
Nominal power Phom 28.26 kW
Nominal current [Zs, nom| 55.79 A
Power factor cos(¢p) 0.82
Nominal speed wnom 1000 r/min

Number of pole pairs p 4

Stator resistance R 0.169 Q
Inductance L 7.07mH
Inertia of SPMSM and load machine J 4.86 kg-m?
Viscous damping B, 0.33 N-ms

is limited to twice the rated current with 145 A in three methods
when a speed reference of 600 r/min is provided at startup. The
feedback stator phase current Ip. can immediately return to
zero in the SPPCC when the rotor speed is close to the reference
speed. It allows no rotor speed overshoot for SPPCC and GPC
as the rotor arrives at 600 r/min. However, it appears that the
noticeable overshoot is 32 r/min for the conventional MPCC in
Fig. 4(b). It can be seen from the simulation in Fig. 4(a) that the
setting time for the SPPCC with 0.536 s is much shorter than
GPC with 0.6 s in Fig. 4(c) and conventional MPCC with 0.836 s.
The sudden torque of 153 Nmis givenat¢ = 0.8 s and is canceled
at t = 1.2 s. From the speed w,- zoom in and torque load 77, of
Fig. 4(b), the conventional MPCC shows that the speed recovery
time is over 0.2 s. The speed for the SPPCC varies relatively little
in Fig. 4(a), because the torque observer can estimate the load
accurately in the SPPCC algorithm. Improved predictive control
based on the two-time scale of the singular perturbation theory
is shown to be the reason for the better performance.

B. Implementation Platform

Fig. 5 depicts the trials conducted on the machine test bench
to validate the proposed method. The SPMSM are powered by
a two-level voltage source inverter and controlled by the MPC
algorithm. The SPMSM parameters are presented in Table I. The
inverter is based on the dual-core TMS320F28379D, which is
capable of signal processing at 200 MHz per core. In addition,
the 32-bit floating-point DSP features 12-bit mode A/D convert-
ers and pulsewidth modulation channels. The control approach s
encoded in the C language as an algorithm. The drive comprises
three Infineon IGBT4-FF600R12KE4, 1200 V modules. Three
hall sensors are employed to measure the current, while one
pole-pair rotating resolver from Tamagawa is used to immedi-
ately acquire a high positional resolution. The interrupt program
is modified so that the vector voltage candidate can be output
promptly and executed with a sample time of 7 = 100 us and
Ty = T,/10. The speed and current control frequency for all
three methods are 1 and 10 kHz, respectively. Both the slow
model’s predictive horizon P and the fast model’s predictive
horizon Py are 1 for the SPPCC. In order to validate the ef-
fectiveness of the proposed SPPCC algorithm, the conventional
MPCC and long prediction horizon GPC are chosen to compare
and contrast different situations. In the experiments, the weight
factor of the speed GPC is set as A, = 1, and the prediction
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Test bench utilized to validate the proposed method.

TABLE II
CALCULATION TIME

[ Methods [[ Running period [[ Running time |

proposed SPPCC 7717 38.585 s
cascaded PI + MPCC 7181 35.905 ps
long prediction horizon GPC 15 341 76.705 ps

horizon of the speed GPC is setas N = 90. The PI parameters of
the conventional MPCC are k,, = 30 and k; = 20, respectively.

C. Experimental Results

1) Computational Time: The total calculation time among
the three methods are listed in Table II. The running period
of GPC is much more than the proposed SPPCC and MPCC,
because of the calculation burden of long prediction horizon.
Herein, the calculation time for the other MPDSC is also
challenging. The difference of 2.68 us between the SPPCC
and MPCC algorithms does not affect the control performance
significantly for the 100 us control period. Then, the different
test cases are considered for the three methods.

2) Dynamic Performance: In the first test, a large-scale
ranges step speed reference from standstill to 600 r/min at
t =1.39 s is applied to the PMSM drive on the test bench
in Fig. 6. The slight speed of the proposed SPPCC and GPC
overshoot is 12 r/min. However, the noticeable overshoot of
the conventional method is 42.7 r/min from the speed zoom
in of Fig. 6(a). Meanwhile, the setting time with 684 ms of the
proposed SPPCC is much shorter than the conventional MPCC
with 2 502 ms and GPC with 822 ms. The electromagnetic torque
remains approximately twice the rated torque during the rising
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Simulation response of the PMSM drive to step speed and load torque. (a) Proposed SPPCC. (b) Conventional PI + MPCC. (c¢) Long prediction horizon
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Fig. 6. Large-range step speed. (a) Dynamic speed behavior. (b) Proposed

SPPCC. (c) Conventional PI + MPCC. (d) Long prediction horizon GPC.
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Fig. 7. Steady-state operation with 100 r/min under 153 Nm load (blue—
SPPCC, red—PI + MPCC, and green—GPC).

period. But when the actual speed is close to the reference value,
the g-axis current of the proposed SPPCC drops dramatically to
maintain the precise speed due to predictive sequence values
based on the singular perturbation model.

3) Steady-State Performance: The second test is conducted
at steady-state operation with 10% rated speed under a 153-Nm
torque load and 20% rated speed under a 170-Nm torque load.
The results of the three methods shown in Figs. 7 and 8 demon-
strate that all methods’ speed is stable, and the electromagnetic
torque coincides with the actual load torque. Tables III and IV
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TABLE III
SWITCHING FREQUENCIES WITH 100 R/MIN UNDER 153 NM LOAD

Methods Is 2s 3s 4s 5s 6s
SPCCC 2238 (2294 [2305 [2280 | 2252 |2293
PI + MPCC 5310 [5339 [5318 [ 5334 | 5290 | 5253
GPC + MPCC || 3894 (3978 [4005 [3994 [4015 |3972
TABLE IV

SWITCHING FREQUENCIES WITH 200 R/MIN UNDER 170-NM LOAD

Methods Is 2s 3s 4s 5s 6s
SPCCC 6095 [6042 [5930 [5889 | 5970 |5 885
PI + MPCC 5154 [ 5026 [ 5268 [ 5269 | 5213 |5157
GPC + MPCC || 3436 [3569 |[3848 [3783 |3837 | 3744

show the corresponding switching frequencies analysis results
of three methods. All three methods’ dg-axes current correctly
tracks the reference without vibration. However, long prediction
horizon GPC has significant fluctuation with 4.2 r/min in speed
and burrs with 15.2 A in the g-axis current in Fig. 8. There is a
slight fluctuation of 3.5 r/min in the certainty speed scope for the
conventional MPCC compared with 2.4 r/min for the proposed
SPPCC. The number of waveform periods analyzed is 3. The
total harmonic distortion (THD) performance of the proposed
SPPCC is 1.6% and 3.4% smaller than the conventional MPCC,
also 2% and 5.4% smaller than the long prediction horizon GPC
for different conditions, respectively. The predictive sequence
value of the slow model in the proposed SPPCC is utilized
at every fast instant, and the coupling information of the pro-
posed predictive control is more plentiful than the conventional
method. As a result, the proposed method not only increases
the bandwidth of the speed loop but also is helpful to be more
precise in calculating the reference current and reducing the
current harmonics. In the context of the singular perturbation
theory, an analysis of rapid and slow variables within the elec-
tric machine was conducted, where speed and current were,
respectively, considered fast and slow variables. The proposed
methodology, which optimizes the predictive model sequence,
adequately accounts for the impact of speed fluctuations on cur-
rent. Consequently, within the proposed approach, the influence
of speed fluctuations on motor current harmonics is minimized,
leading to a reduction in current harmonic levels.

4) Torque Load Disturbance: Afterward, the experimental
test is performed as a step torque load from no-load to 153 Nm
with 600 r/min at ¢ = 2.15 s. The torque load returns to the
no-load condition att = 6.15 s. The other step torque test is from
70to 170 Nm with 200 r/min. The measured speed, the reference
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Fig. 9. Load torque change from O to 153 Nm, then to 0 Nm. (a) Dynamic
speed behavior. (b) Proposed SPPCC. (c) Conventional PI + MPCC. (d) Long
prediction horizon GPC.

TABLE V
THD RESULTS
[ Methods | Fig.7 | Fig8 [ Fig.10 during step torque process |
SPPCC 7.23% 6.52% 12.0%
PI + MPCC 8.89% 9.90% 18.23%
GPC + MPCC | 9.24% | 11.98% 16.58%

and actual g-axis current, and electromagnetic torque are shown
in Figs. 9 and 10. The recovery time of 207 ms of the proposed
SPPCC and long prediction horizon GPC is one-fifteenth of the
conventional method of 2970 ms in Fig. 9. The SPPCC method’s
dg-axes current can follow the reference faster. The proposed
method can be approximately nearly to the GPC algorithm
known as the advantage of disturbance rejection. Furthermore,
there is a noticeable current spike of 7, with 72 A at the beginning
of sudden torque load in the GPC method. The proposed method,
on the confrary, can maintain the appreciable overshoot of i,
with 54 A because of the optimization for prediction sequence
with two-time scale of the singular perturbation theory. Table V
shows that the THD performance of the proposed SPPCC is
6.2% smaller than the conventional MPCC and 4.6% smaller
than the long prediction horizon GPC during the switching state
of torque load in Fig. 10.

5) Sensitivity to Parameter’s Mismatch: Furthermore, the
parameter sensitivity of the SPPCC is investigated because MPC
is sensitive to parameter variations easily affected by noise and
temperature. The parameter variations are shown in Fig. 11. The
test SPMSM runs at steady-state 300 r/min with a 117-Nm torque
load in the beginning. At time instant ¢ = 4.6 s, R increased by
200% magnitude, and L decreased by 60% magnitude. When
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Fig. 11. Parameter sensitive test of the SPPCC. (a) Increased 200% R.
(b) Decreased 60% L.

R is increased, the machine’s speed maintains the steady-speed
control. When L is decreased, the machine speed decreases a
little to 297 r/min. Nevertheless, the proposed control system
can also correctly track the reference command after a transient
response.

The other experimental test about parameter sensitivity is
torque load disturbance from 70 to 170 Nm at 400 r/min. In
the comparative algorithm, R increased by 200% magnitude,
or L decreased by 60% magnitude. Figs. 12 and 13 explicitly
indicate that the proposed SPPCC still inherits the strong torque
disturbance rejection capability when the critical parameter of
the electrical machine is changed. The test results show that
the dynamic performance is influenced by inductance parameter
variation. The proposed SPPCC has the best current performance
with 5-A ripples. However, the noticeable overshoot of i, with
71 A and current ripples with 13 A are observed for the GPC
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method in Fig. 12. Fortunately, the proposed SPPCC method still
has reduced current ripples and harmonics at different mismatch
ratios, as shown in Figs. 12 and 13. The reason is that the
singular perturbation can improve the robustness performance
when € = L/R becomes smaller. In the framework of the sin-
gular perturbation theory, the slow model is typically regarded
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as the primary dynamic behavior of the machine, while the
fast model is considered a disturbance. Owing to the primary
focus on the slow model, the machine’s robustness is generally
insensitive to parameter perturbations e occurring in the fast
model. This implies that the machine can maintain stability
and performance to a significant extent under certain degrees
of parameter variation, thus endowing it with a strong degree of
robustness.

V. CONCLUSION

The standard singular perturbation theory is utilized to induce
the quasi-steady state and boundary-layer models for the PMSM.
The MPC based on the two-time scale characteristic is then
described in detail. Then, an enhanced MPC algorithm for speed
and current control is evaluated and examined in this article.
Experimentally, the proposed strategy has been implemented on
a28-kW prototype test bench. Furthermore, the control system’s
steady and transient performances are found to be superior to the
conventional method PI + MPCC and long prediction horizon
method GPC. The test findings also confirm that the strategy
is robust to disturbance torque and parameter sensitivity. The
two-time scale characteristic of the enhanced MPC algorithm,
which makes full use of the singular perturbation theory, is the
most crucial feature of this article. Improving the system’s dy-
namics can be helpful in the field of industrial applications. The
future work includes developing further voltage antisaturation
algorithms to reduce the current oscillation during the satura-
tion of vy, and extending the proposed method to the interior
PMSM.
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