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Adaptive Linear Predictive Model of an Improved
Predictive Control of Permanent Magnet
Synchronous Motor Over Different Speed Regions

Moustafa Magdi Ismail ™, Wei Xu
Abdul Khalique Junejo

Abstract—Model predictive control (MPC) strategy can provide
significant benefits for controlling nonlinear systems over classical
cascade field-oriented control (FOC). However, the MPC is still in
the development stage for a high-performance predictive model.
Therefore, the proposed MPC in this article updates the internal
linear predictive model at each time step to accurately represent
the nonlinear plant of a permanent-magnet synchronous motor
(PMSM) plant over different speed regions. In other words, the
adaptive discrete linear plant model (ADLPM) is designed to up-
date the current operating conditions of the machine parameters
and the equilibrium points of the measured stator currents, speed,
and load torque. For the operation in the flux-weakening region,
the proposed MPC depends on a performance control algorithm
(PCA) to obtain high dynamic performance. In this PCA algorithm,
the proposed MPC depends on the modified reference velocity
rather than the original reference velocity, which can calculate
the required d-axis current directly. Moreover, the proposed cost
function is designed directly in terms of the error values of the
velocity and d-axis current, which fits the motor performance based
on the further constraint of the maximum magnitude of the drawn
stator current provided to control the acceleration of the rotor.
Finally, comprehensive simulations and experiments have fully
demonstrated that the proposed MPC can reduce the speed drop,
and torque ripple in response to those of the FOC and traditional
MPC strategies.
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I. INTRODUCTION

ODEL predictive control (MPC) has been gradually be-
M coming one of the modern strategies in motor drives due
to the increased computation power of microprocessors [1], [2].
One of the main features that make MPC a successful strategy
is the independence of complex mathematical reasoning, which
is intuitive and simple. Meanwhile, the fertility of MPC can be
designed according to the details of the control problem, which
can suit all industrial applications in theory [3]-[5]. Besides,
MPC is better than sliding mode control in terms of controlled
actuator performance in heavy nonlinear systems [6]. Because
the MPC algorithm can consider difficult nonlinear constraints
every step time, the manipulated variables are identified in terms
of the proposed cost function [7]. As a result, the MPC has been
employed in the control of the permanent-magnet synchronous
motor (PMSM), where torque control is difficult due to unequal
stator inductance [8], [9]. However, PMSM drives have become
important for vehicle applications in light of their power density
and high torque-to-weight ratio. Thus, it is necessary to increase
the ability to regulate currents and speed in the flux-weakening
region [10], [11].

The traditional concept of flux-weakening control is to control
the d-axis current required to adapt the air-gap field over various
speeds. Meanwhile, conventional strategies usually rely on cas-
caded proportional-integral (PI) regulators, which are difficult
to tune in a highly nonlinear plant model [12], [13]. Thus,
different MPC algorithms have been proposed to improve the
dynamic performance of the PMSM drive systems [14]-[18].
The MPC in [14] has been proposed to control the induced torque
of controlled PMSM in the flux-weakening region. Besides,
it is designed based on the d-g axes nonlinear model and the
combination of the real-time gradient method and Lagrangian
method to consider heavy nonlinear constraints of the current
and voltage. As a result, the proposed MPC algorithm can
achieve the reference torque corresponding to the minimum
current and power. However, this proposed method complains
of the burden of computational operations. Besides, a direct
torque MPC algorithm based on the evaluation strategy of a finite
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control set is proposed in [15] for high horsepower systems. In
this article, the cost function is designed to maximize the torque
per ampere considering the operation in the flux-weakening
region. Despite the lack of a torque observer, it can achieve high
performance during operations in this region without resorting
to the frequency modulation algorithm or weakening the quality
of induced torque. In [16], Arpacik and Ankarali proposed an
optimization procedure in a real-time mode employed in the
linear MPC approach to reduce the consumed time for the
computational of the optimal manipulated reference voltages.
The real-time optimization algorithm is based on dual active set
optimizers combined with conventional matrix update strategies.
Meanwhile, the proposed real-time optimizer has been imple-
mented to drive surface-mounted PMSM at the flux-weakening
region. As a result, stable control of the stator current and torque
has been achieved based on this MPC optimizer.

The improved linear MPC strategy in [17] is employed on
interior magnet PMSM to reduce the copper and iron loss while
it is operating in the flux-weakening region. The challenge of
the MPC algorithm is to handle heavy nonlinearity constraints
of stator current, voltages, and cost function. As a result, it can
achieve lower copper and iron loss compared to the classical
MPC algorithm in the extended speed range. The cost function
is optimized in [18] in a flux increment form whose stator flux
magnitude is the manipulated variable of the optimizer of the
proposed linear MPC. Besides, the proposed cost function can
determine the saturation degree of the voltage source inverter.
Meanwhile, the outer flux control loop of the PI regulator
compensates for the required flux of the d-axis as well as the
speed outer control loop determines the reference flux of the
g-axis. Thus, the proposed cost function has achieved high dy-
namic performance in the flux-weakening region without further
constraints. Moreover, the linear MPC strategy in [19] has been
employed to drive the open winding PMSM based on two stator
flux vectors in the stator flux incremental algorithm. Meanwhile,
the proposed cost function has the stator flux as a manipulated
variable as well. Besides, an outer control loop is employed for
compensating the required field that the PMSM will need in the
flux-weakening region. Thus, it can be seen from the results that
the proposed MPC can minimize the switching frequency of
the dual voltage source inverters with no need for the assistant
algorithm. Meanwhile, the difference in the dc-link values for
the two inverters can be eliminated during work in the linear
modulation region, which can select the generalized vector of
the modulation technique.

The improved deadbeat MPC for stator current control in [20]
has been proposed to cancel the PI regulators of the traditional
inner current controllers. As a result, this proposed strategy
reduces the parameter tuning burden for classical cascading PI
controllers. Besides, the PI parameters of the outer speed con-
troller can be set adaptively based on the principle of direct speed
control. Thus, the proposed linear MPC has been employed on
the surface PMSM to achieve stable control of the stator current
and speed in operating the flux-weakening region independently
with varying machine parameters. The optimal speed controller
in [21] has been implemented into a linear MPC framework in
terms of the inherent optimizer to drive PMSM. Meanwhile, the
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voltage vector actuation range and pulsewidth modulation tech-
nique in the proposed system dependent on the inner predictive
torque algorithm. Thus, the proposed drive system has achieved a
high dynamic performance and efficient steady-state results with
an expected ripple of induced torque and stator current based on
the inherent pulsewidth modulation algorithm. Besides, the finite
set evaluation algorithm has been developed in [22] to improve
the selection of the optimal voltage vector. The improvement
is related to the boundary settings of the stator current con-
straint, which is calculated based on the maximum torque per
ampere algorithm. Besides, the current vector can be calculated
automatically to provide the boundary of the reference stator
current. Thus, the proposed dynamic performance can track the
reference torque and stator current more efficiently compared to
the discussed classical strategy. However, the discussed results
have shown to what extent the proposed strategy depends on
the machine parameters. Moreover, the linear MPC algorithm
in [23] has been developed based on a multistage series strategy
for optimizing reference voltages. Whereas the proposed cost
function aims to control the stator current through the finite set
evaluation technique, it will be repeated at each stage to get the
best prediction. Thus, the proposed linear current predictive con-
trol can reduce the switching frequency relative to the classical
MPC strategy at the constant control frequency when it has been
employed on the PMSM drive. Finally, the proposed linear MPC
strategy in [24] can predict the future behavior of the interior
PMSM based on two cost functions. Thus, the induced torque is
maximized per ampere in terms of confirming the voltages and
the stator current limits. Thus, the discussion of the results has
confirmed that the induced torque of the PMSM is maximized
per ampere unit in the operation of the flux-weakening region.

The nonlinear PMSM system may introduce the motivation
for this article. When the PMSM is used in the traction ap-
plication [7], [10], it becomes a highly nonlinear plant model.
As a result, the MPC algorithm should consider controlling
the dynamic state variables of the traction applications as the
lateral velocity and yaw position, besides the state variables of
the inherent motor model as the stator current, induced torque,
and rotational velocity. Meanwhile, the MPC outcomes for each
sample time are delayed because of the long prediction horizon
and multiple local optimal points for the cost function. Besides,
the MPC is at risk of failing to predict motor performance due
to the parameter variation of the drive system, where parameters
may change due to operating conditions or mismatches in ma-
chine parameters. Therefore, these reasons motivate this article
to address the adaptive linear MPC strategy employed on the
interior PMSM drive.

The main contributions in this article can be summarized as
follows. First, the adaptive MPC updates the controller predic-
tion model at each time step around the current operating con-
ditions. This procedure is a computational operation to provide
a time-invariant small linear signal model of the PMSM plant
based on the Taylor series expansion. Generally, the internal
linear model can be updated online around the new current
equilibrium points of the measured stator currents of the d-g
axes, speed, estimated electromagnetic torque, and machine
parameters. As a result, the predictive model of the nonlinear
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PMSM plant can be depicted in several speed regions as a
discrete linear equation that can be implemented on the digital
control unit. Second, the objective function components consist
of the velocity error and the stator current error of the d-axis.
Thus, the proposed adaptive MPC strategy can get much better
stable control for a stator current and velocity. Besides, the flux
observer of the third-order generalized integrator can calculate
the induced torque as it is necessary to predict the motor speed.
Hence, the motor stator inductance of the d-g axes can be
estimated in terms of the estimated motor flux to adapt the
prediction model. Finally, one performance control algorithm
(PCA) is proposed to improve the dynamic performance of
the PMSM. The acceleration of the PMSM rotor is controlled
based on this algorithm to achieve a stable speed and reduce
electric current ripple. Thus, this algorithm is linked to the
proposed cost function at each step time based on the modified
reference velocity, the calculation of the required d-axis current,
and the additional constraint of the maximum magnitude of the
predictive stator current.

The significance of the proposed MPC algorithm in this article
is summarized as follows. First, the new adaptive discrete linear
plant model (ADLPM) is generally introduced to fasten any
real-time optimization algorithm because it contains exactly
discrete linear terms and a few numbers of the state variables.
Second, the proposed PCA is generally introduced for any motor
drive and MPC strategy because this algorithm has coefficients
that depend only on the maximum speed of the constant torque
region. In contrast, the MPC in [25] depends on the approximate
rate of maximum voltage change to determine the final d-g
axes voltages. Finally, the proposed MPC can reduce the current
ripple and transient settling time. Besides, it can reduce the speed
drop during the torque disturbance period.

This article is organized as follows. First, two predictive
model approaches for the MPC strategy of the PMSM drive are
compared in Section II. Meanwhile, this section illustrates the
MPC algorithm [25] used in performance comparison relative to
the proposed adaptive MPC strategy. Second, the overall design
of the proposed MPC is presented in Section III, which includes a
PCA, discrete improved linear plant model, machine parameters
estimation, and proposed cost function. Third, comprehensive
simulation and experimental results are discussed in Sections IV
and V, respectively. Finally, conclusions are drawn in Section V1.

II. PREDICTIVE MODEL APPROACHES

Often, the interior PMSM plant model of the MPC strategy
is approximated precisely in a linear approach model only
around a local equilibrium point. However, the issue here is
that this approximated model will not be accurate with time and
changing PMSM plant operating conditions. Thus, several MPC
approaches are introduced in this section to solve the problem
of a predictive model.

A single linear model of the PMSM plant is usually causing
a loss of information, which is critical for the flux weakening
operation. Precisely, the relation between the stator current and
velocity or the coupled parts of the stator voltages is not consid-
ered [26]. As aresult, the MPC strategy works with the nonlinear
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plant using a gain-scheduled MPC algorithm or a nonlinear MPC
algorithm [25].

The MPC controller as proposed in [26] divides the speed
range into speed regions to consider the rotor speed as a constant
for every region. Thus, the coupling parts of the stator voltage
can be approximated as a function of the stator current only.
As a result, multiple linear predictive models are implemented
in the proposed MPC. Meanwhile, the gain scheduled MPC
algorithm is employed to select the desired speed region based
on the measured speed. The accuracy of this MPC as proposed in
[26] depends on how close the selected constant speed is to the
measured speed. Thus, the output d-g axes stator voltages (u s,
u4s) of the prediction horizon are corrected to obtain a higher
performance of the PMSM. Thus, the voltage is defined as

uas (k) = ugy’ (k) + ugy (k)
s(k) = ugs® (k) + ugd (k)
Ugs' (k) = —Lnp(wim (k) — Quni)igs (k)
u;r:p(k) = an(wm(k) — Qi )ias(k)

IS

(e))

where L is stator inductance for the surface-mounted PMSM, n,,
is the number of the pole pairs, & is the time step of the prediction
horizon, u“™ ;5 and u" ,, are d-q axes compensation voltages,
and i 4, and i ;; are the d-g axes stator currents. This MPC method
is one idea of the gain-scheduled strategy. Furthermore, the
optimization technique and constraints can be tailored to each
speed region. As aresult, it facilitates computation and increases
the memory used in the digital control unit.

The MPC in [25] is explained in terms of three different main
points: consideration of electromagnetic torque, predictive plant
model, and constraints. First, the load torque must be known in
advance to set as a constant. However, this is a shortcoming
because it is difficult to determine the required flux-weakening
stator current and causes an overrun in the transient time. Second,
the forward Euler is used for the predictive model to discrete the
differential equations. Therefore, the predictive model can be
described as

Xo(k+1)=A.X (k) + B.U.(k) 5
Y. (k) = C.X (k) @)
Xf(k') = [st(k)v iqs(k)vwm(k)7 idsiqs(k)
. . T
7wm7'ds(k)a Wmlgs (k)7 1] 3)

Ue(k) = [vas(k), vgs (k)]"
Yo(k) = lias k), iqs (k) wm (k)]

where X (k) is the state vector, U.(k) is the input vector, and
Y (k) is the output vector. Moreover, the discretization matrices
of the state-space representation can be given out as

T‘;/Ld

s q

T
zeros[2,5] ]

C.(7,7) = [diag([ln]) zeros|3, 4] ]

zeros[4, 7]
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0 ag9 a23 0 ass 00

A(7,7) = 4
@7 0 azx azz azge 0 0 agy ©@

zeros[4,3] diag([1 11 1))

ayl = 1-— (TSRS/Ld)7a16 = TSTLPL
=1—(TsRs/L,)

a23 = _Tsnp)‘-m/qu a25 =
= 1.5Tanphm/J

ass — BUTS/J + 1, as4 = 1.5T5np(Ld — L
= -T,T;./J]

q/La, a2z
_Tsand/an az2
Q)/Jv asr

S

where A, is the state matrix, B, is the input matrix, C. is the
output matrix, J is the inertia of the shaft, 7 is the discrete
controller sample time, B, is the coefficient of viscous frictions,
A 1s the flux of the rotating magnet linking the stator, R, is
the resistance of the stator, 77, the load torque, and L, and L,
are the stator inductances of the d-g axes. It can be seen from
(2) to (5), that the state vector contains seven state variables.
Besides, the nonlinearity terms of w,,, i gs and w, i ;s would make
it difficult for the optimization procedure to find the optimal
control variables due to the nonconvex optimization model, or
multiple local optimum points in the cost function.

Third, Liu et al. [25] proposed a constraint to get the stable
speed and current that controls the change rate for the reference
stator voltages as given by

|Avds| S A’Udsfmaxy |Avqs| S A’qufmax (6)

where Avgs and Avgs and Avgsmax and Avgsmax are the
change rates of the d-g axes stator voltage components and the
maximum change rates, respectively. Besides, Liu et al. [25]
mentioned that it was complicated to decide Av g5_pax in theory.
Meanwhile, Av g max and Avge_max can be roughly defined as
AUdsfmax = Aqufrnax = T’St‘/dc (7)
S
where ¢, is required settling time. Finally, the proposed MPC
strategy in this article can overcome the mentioned disadvan-
tages of the gain scheduled and nonlinear MPC approaches
by providing an adaptive linear predictive model to update the
current operating conditions and machine parameters at each
time step. As a result, the MPC optimizer can easily select the
optimal value of the control variable. Meanwhile, the adaptive
linear predictive model can accurately represent the nonlinear
PMSM plant while avoiding long memory uses. Therefore, the
next section will explain the proposed adaptive linear MPC
strategy.

III. ANALYSIS AND DESIGN OF THE PROPOSED MPC

The proposed PMSM drive system is shown in Fig. 1 where
the following discussions refer to the shown symbols. As can
be seen from this figure, the proposed MPC is implemented to
drive a 3-kW PMSM. In each sample time, the embedded digital
controller unit of TMS320F28335 considers the mechanical
angle (,,,) to calculate the rotor angular speed (w,,,). Meanwhile,
it measures the d-g axes stator currents (igs, i4s) and dec-link
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Fig. 1. Block diagram of the proposed MPC algorithm.

voltage (Vq4.) for the input of the proposed MPC. Thus, the
proposed drive is summarized as follows.

1) A flux-observer based on the TOGI is used to estimate the
electromagnetic torque.

2) The proposed ADLPM is updated around the motor oper-
ating points of the sampled i, i4s, and wy,.

3) The proposed PCA is employed to improve motor per-
formance by computing the modified reference velocity,
d-axis reference stator current, and maximum allowable
magnitude of stator current.

4) The interior-point-convex algorithm is employed to eval-
uate the proposed cost function and optimize the manip-
ulated variables of the d-¢q axes stator voltages [27]-[29].
As a result, the space vector modulation is set by the d-g
axes stator voltages to provide the inverter pulses.

A. Adaptive Discrete Linear Predictive Model

In general, differential equations of the interior type of the
PMSM can be given by

dite — (pgy — Ryigs + Lenpwmiqs) /La
B = (vgs — Lanpwmids — Ruigs — hmnpwm) /Lq
Wom = (L5npAmigs + 1.5 (La — Lq)idsiqs
—T1, — Bywm) /J
(8)

where d/dt refers to the first-order differential, and v, and v
are the stator voltages of the d-q axes, respectively.

Typically, a Taylor series expansion is used to provide a
small linear signal of (8) based on the state-space representa-
tion. Thus, the proposed time-variant linear plant model can be
implemented by the state-space, as illustrated by

x(t) /dt = () (t) + Bu (t) + EOTy, (t)
y(t)= Cz(t)+ Du(t)

2(t) = [Sias(t), Gigs (1), Swm (1)) ©
u(t) = [8vas(t), 6vgs ()]
y(t) = x(t)

where the symbol of “0” indicates a small signal of the state
variable, x(7) is the state vector, u(?) is the input vector, and y(7)
is the output vector. Meanwhile, these matrices will be linearized
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and expressed as

—R,/Lq4 Lynpwmo/ Ly
A(3,3) = —Lanywmo/L, ~R./L,
1.5npiqs0(La—Lg)/J 1-5np(Am+iaso(La—1Lq))/J
Lynpigs0/La
1 (= Laidso) — Am)/Lq (10)
_B,/J
T
B@E2) = | /Fa00 (1
01/Lg 0
C(3,3) = diag([111]), E(3,1) = [00 —1/J] . (12)

As seen from (9)—(12), A is the state matrix, B is the input
matrix, C is the output matrix, E is the induced torque matrix,
and D is the feedthrough matrix is zero. As aresult, i 50, i 450, and
wmo are the equilibrium points to be the operating conditions of
the d-q axes stator currents and mechanical rotor speed.

The operating points of (9) are updated in terms of the mea-
sured i4s, 145, and w,, to provide an accurate representation of
the nonlinear PMSM plant. Hence, the proposed plant model
can define the flux trajectory of PMSM in all speed regions.
For digital implementation, the time-variant model should be
transformed into a discrete model of variables that do not vary
over the sample time. As a result, the operating points are
updated in the state matrices for each sample time, and thus, (8)
is discretized with a time step using a zero-order hold method
[1] by

{x [k + 1] = Aq [k] 2 [k] + Bau[k] + EqdTy, [K]
y [k] = Cx [k]

where A 4, B4, and E ; are the discretization matrices of A, B, and
E, respectively, and they can be calculated as

Ad = GATS
By= A '(Ag—diag([111]))B .
Ey= A Y(Aq—diag([111])E

13)

(14)

It is noted that the challenge in (14) is to compute e’
accurately because the dimension of the state matrix is 3 by
3. After taking the Laplace of (14), it will get

o - 1 e
Aq(i, 5)(S) = dz((5 5 5]) —A(i,j)’li 1:3,j=1:3
(15)

where S is the Laplace domain. Meanwhile, the order degree of
the leading terms of the main diagonal elements in the matrix
Aq(S) is two for the numerator and three for the denominator.
However, the other elements contain a first order of the nu-
merator and third order of the denominator. As a result, the
main diagonal elements of A; can be defined after computing
the inverse Laplace using the fraction decomposition and then
replacing each ¢ of the time domain with 75 as

Aq(i,i) = qre 2= + gze” 7= cos(0T%)

+ gse s 5in(0T,), at i = 1: 3. (16)
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Besides, other elements of an A ; matrix can be defined as
Aqli, j) = qre” %7 + gge~ 10T
+que 2t i=1:3jj=1:3ati#£j (17

where 6 and ¢, to g1 are variables that are closely determined
by the motor parameters and the operating points.

B. Stator Inductance and Electromagnetic Torque Estimation
Based on a TOGI Observer

The estimation values of the stator winding inductances and
the induced torque will be clarified in this section to adapt the
proposed linear predictive model across all velocity regions.

The first-order integrator suffers from dc offset and ac har-
monics caused by a mismatch of machine parameters and
converter nonlinearities. Therefore, the TOGI flux observer is
proposed to reduce the dc and high-order components in the
flux linkage. These reductions have been demonstrated in [30]
compared to second-order and first-order generalized integration
observers. For demonstration, the back-EMF of the controlled
PMSM is analyzed by Fourier series expansion. Thus, the TOGI
observer was designed based on the frequency analysis of the
bode diagrams to minimize the dc and unwanted components.
As a result, the discrete transfer function of the estimated a-f3
axes fluxes can be written as

Aos—est 2Wo (1 —z 24 2’3) (18)
Vi g L+ Wiz ld Woz 24 Wiz 3
Ags—est _ welsWo (1 —zl—272 4 2’3) (19)
5Vgs—ref N 1+ W12’71 + W2272 + W32‘73

where w, is the center frequency, A,s.cst and Agg.esy are the
estimated fluxes in the - axes stationary frame, 0V ror and
0Vgsret is the a-f axes of stator reference voltages, and Wy,
Wi, Wy, and W3 the integrator coefficients, respectively. More
details on transfer functions and how to define them can be found
in [30]. Therefore, the TOGI online flux observer is utilized as a
flux estimator to calculate the electromagnetic torque (67t,) and
stator winding inductances of the d-g axes (Lg_est and Lg_est)-
For calculating the electromagnetic torque (§71,), the torque can
be calculated from the estimated flux linkages as illustrated by

(5TL = 1~5np()\asfest5iﬁs - )"ﬁsfestaias) (20)

where i, and digs are a-f3 axes of stator currents. Besides,
the online estimation of stator inductances without magnetic
saturation can be considered by changing to a linear model
and the flux is linearly proportional to the current in the stator
windings [31], [32]. As a result, the stator inductances (L gj_est
and L s ) can be calculated by

{ Ly est = ()”dsfest _)"M>/id5

. 21
Ldfest = )‘qsfest/lqs ( )

where A gsest and A gqesy are d-g axes of the estimated fluxes
that can be obtained from a- axes stationary frame using Park
and inverse Clarke transformations [32]. Meanwhile, the values
of (Lg-est and Ly_cst) are received from average filters to reduce
the noise [31]. Finally, the proposed MPC strategy can adapt the
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proposed ADLPM with values of stator inductance and torque
across the prediction horizon.

C. Proposed Performance Control Algorithm (PCA)

The merits of the highly efficient PMSM drive system include
stable speed, little overrun, and little current ripple. Therefore,
this section proposes an algorithm for regulating the acceleration
of the motor shaft during the disturbance period. Focusing on
the problem, the variation in the reference velocity of the drive
system is considered a disturbance of the PMSM plant. Besides,
the variation in torque required for the mechanical load is also
plant disturbance. Thus, the acceleration of the motor shaft is
not equal to zero, and this causes an overshoot or down shoot
of the motor speed and current. Therefore, the proposed MPC
approach should control the shaft acceleration.

The law of rotation with neglecting the friction and the damp-
ing torque can be defined as

J% =T, — T,
where dw,,/dt is the rotor shaft acceleration, T, is the elec-
tromagnetic torque, and 7, is the driving mechanical torque.
Multiplying (22) by w,, results in the following:

(22)

Md(;Tm =P,—PF. (23)
M = 2We
Wi = %?Zufn (24)
P, = wnTm
P, = w1,

where M is the inertia constant, Wy, is the kinetic energy of
rotating mass, P, is the supplied power, and P, is the driving
mechanical power.

The main objective of the PCA is to control the rotor motion
acceleration in terms of reducing the difference between P,,, —
P., as demonstrated in (23) and (24). Under the stable operation
of the PMSM plant, while neglecting the losses, it can be written

P, =P,. (25)

Hence, the rotor shaft acceleration of dw,,/dt is zero. How-
ever, if a disturbance occurs in the torque or the desired change
in speed, the plant goes out of a steady-state period. Therefore,
PCA should gradually control the input of P, until the PMSM
plant returns to a stable operating state. Meanwhile, from (24),
P. depends on the rotor velocity and electromagnetic torque,
which means that PCA can control P, by modifying the refer-
ence velocity (wyef). The reduction of the (P,, — P.) difference
by controlling the reference velocity is indirectly related to the
control of the manipulated variables of the reference voltages of
the d-g axes for the proposed cost function. Since the reference
voltages are indirectly proportional to the reference velocity,
P. is also affected by the reference voltages as shown in (8),
(18), (19), and (24). Therefore, the PCA will replace the de-
mand reference velocity with the modified reference velocity at
every prediction time to reduce the (P,, — P.) difference and
thus control the rotor motion acceleration. The two procedures
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described below illustrate how the PCA calculates the modified
reference velocity (w g_ref)-

1) Procedure #I: At every prediction time, the reference
velocity is adjusted to reduce the difference and the measured
velocity such as

Wd—ref = (Wref + wm)/Q (26)

where w 4 ot 1s the modified reference velocity. Thus, w g_yer Will
be set as the reference velocity of the proposed cost function
instead of wycr. This step aims to select the appropriate refer-
ence voltages to easily stop the shaft acceleration if needed.
Besides, PCA enables the computation of (26) until the absolute
difference (wyef — wyy) 1s less than or equal to a small value of
z7 at about 2 r/min. Otherwise, the motor speed would fluctuate.
Besides, the absolute reference velocity should be less than
the absolute measured velocity. If (26) is not considered from
the start, the proposed MPC algorithm will give large reference
voltages, resulting in a large difference of (P, — P.). Thus, the
proposed MPC loses control of the rotor motion acceleration as
illustrated above.

2) Procedure #2: When the (wWyef — w,,) difference is small,
the modified reference velocity (wq.ref) Will be adjusted again,
for a faster transition to the steady-state period without speed
oscillations, depending on the measured velocity and the maxi-
mum velocity in the constant torque region (W ax.cT) as defined
as
(27)

|wd—ref ‘
Wd-ref = — |Wm| — Z4€1Wnax—CT
Wd—ref
where ¢ is a factor to convert the revolution per minute to
radian per second, and z4 is the factor of 0.2 r/min. Meanwhile,
74 1s set to obtain a portion of the maximum velocity of the
constant-torque region (W ax-cT) for the controlled motor. Be-
sides, wmax.cT can be represented as shown by

wmax-c1 = Ve/ (V3AmCe ) ©8)

where C. is the motor voltage coefficient. The purpose of pro-
cedure (27) is to eliminate the steady-state error of the velocity.
However, it has a constraint to check that w 4_.ef is neither too
close nor too far from w,,,. The constraint is that the difference of
(Jwm|-Jw d-ref]) is greater than c;z2 and less than c1z3. Therefore,
zo and z3 can be defined to determine if this difference is small
or large by 0.2 r/min and 16 r/min, respectively. Finally, Fig. 2
depicts a flowchart showing how to calculate w 4 ot at each time
step of the proposed cost function for the prediction with the
reference voltages.

PCA algorithm also calculates the reference stator current
of the d-axis (ig4s.ref) While the motor is running in the flux-
weakening region, which can be written as

{ if |wd7ref| > |wmaxch|
then 74s_ref = (*)tm/Lds) + (‘/dc/(\/ngsCe |wd—ref|)) .
(29)

However, if w 4_,of is detected in the region of constant torque,
then i4s..or can be defined as

if |wd7ref| < ‘Wmaxch| then Z-dsfref =0. (30)
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Fig. 2. Flowchart to compute the modified reference velocity.

For a further constraint, it is not decent for the motor current
to get the maximum limit of the stator current (/s ax) that
the inverter can bear under obtaining the shortest settling time.
Thus, PCA can propose a new constraint on the proposed cost
function to reduce the overcurrent, which can be determined
by the maximum limit of the drawn stator current (/s.p-max)-
Also, this constraint is regarded as an indirect constraint on
the shaft acceleration because of the required drawn current
controls in P,. Thus, the magnitude of the maximum limit
current to be drawn by the motor can be determined in both the
operating regions of the constant-torque and the flux-weakening
as described by

{lf ‘Wdfref| > |wmaxfCT| then Isfpfmax = |id57ref‘ + IL
if ‘wdfref| < |wmax7CT| then Isfpfmax = JLrated

(€29)]
where I,,tcq 1S the rated current of PMSM, and /;, can be defined
as

I = 6T/ (15nyhm). (32)

Finally, the next section will show this constraint on the
proposed fitness function.
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D. Proposed Fitness Function

The objective function is one of the most important aspects
of the MPC algorithm to adjust the motor performance for the
next instant of (k+1). In this article, the objective function is
proposed as

Minimum {Wld ‘idsfref - idsfp| + me |wd7ref - Wm7p|} .
(33)
Meanwhile, the constraints of this objective function are given
by

VOVaraa)? 4 OVrret) < (Vae/ V)
\/(idsfp)2 + (iQS*P)Q < IS*pfmax

where Wiy, p, i4s-p, and ig,_p, are the predicted motor velocity
and the predicted stator currents of the d-g axes during the next
sample time, W,; and W,,,,, are the weighting factors of current
and velocity, 0V gs_rer and 6V gs_rof are the manipulated variables
of the reference voltages of the d-g axes that will be prepared
for the modulator, respectively. Meanwhile, the proposed cost
function indirectly considers the predicted stator current for
the g-axis depending on the further constraint (34). Besides,
the proposed cost function straight fits the error of the motor
speed to get high tracking performance, as can be seen from
(33). Meanwhile, the improved reference speed is used as a
demanded speed. Besides, the predicted values can be computed
depending on the adaptive ADLPM for each iteration to search
the optimal 6V gs_yer and 6V gs_rof for minimizing (33) by an MPC
optimizer. Thus, the predicted values of Wy, igs-p, and igs_p
are determined by

(34)

ids—p [k? + 1] Oigs [k + 1] Oigs [k‘]
igs—p b+ 1] | = | Jigs [k +1] | = Ag[k]| digs [
Win—p [k + 1] Own, [k + 1] Swn, (K]

+ By K] ‘ g“ﬁz:i % ’ + E4[k] 6Ty, [K]. (35)

Regarding the adjustment of the weighting factors, in the
operation of the flux-weakening region, the error of the d-axis
reference stator current should be reduced to achieve the desired
velocity. Therefore, W;; would be greater than W,,,,,, through this
region as shown by

if |wmaX_CT\ < |CLJF_ref| then W,y = ]., Wwm = 0.5. (36)
Otherwise, W,4 and W,,,,, can be defined as
Wia = 0.2, Wym = 1. (37)

IV. SIMULATION AND ANALYSIS

Comprehensive simulation and analysis of the PMSM drive
system based on the proposed MPC, traditional FOC, and
classical MPC strategies are fully performed using MAT-
LAB/Simulink [12], [25]. Furthermore, the flowchart as de-
picted in Fig. 3 shows the main steps for the proposed MPC
implementation. Besides, the offline identification values of the
nominal machine parameters for the PMSM and voltage inverter,
at the temperature of 20 °C, are listed in Table I. For determining
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dec> Ym> qs

Estimate the induced fluxes of the d-g axes (A,

s-est 2
s-est

Then, calculate the electromagnetic torque (5TL )

, and stator winding inductances (Ld—e.vt s quest )

‘ Update the proposed discrete plant model ‘

Run the performance control algorithm to
calculate @, ¢, iy, »and

v

‘ Prepare the proposed objective function ‘

v

‘ Run a real-time optimization algorithm ‘

[ S-p-max

‘ Return the optimal selected d-g axes reference voltages ‘

Fig. 3. Flowchart of the proposed MPC.

TABLE I
MAIN PARAMETERS OF THE PROPOSED INTERIOR PMSM DRIVE

Parameters Symbols Quantities Units
Rated velocity o8 209.4 rad/s
Rated current Lrated 6 A
Rated torque T, 14 Nm
Rated power P, 3 kW
Stator resistance R 1.14 Q
Stator d-axis inductance Lqg 1.91e-3 H
Stator g-axis inductance L, 4.73e-3 H
Permanent magnet flux linkage Jm 0.38 Wb
Moment of inertia J 3.78e-4 Kg.m?
Viscous coefficient B, 7.403e-5 -
Number pole pairs y 3 -
DC-link voltage Ve 450 A%
Motor voltage constant C. 3.2035 -
Constant switching frequency Fy 2.5 kHz
Inverter maximum current I max 20 A
Time step T, 0.0001 S

9| [Plant Model (2-5)]

Constraints (6-7)
—>

MPC Controller

Modulator
am

. Pulse
i e ST il

Block diagram of the classical MPC algorithm.

Fig. 4.

the d-axis current under the classical MPC, it is calculated by
(29) and (30) during the flux weakening range. Finally, the block
diagram of the classic MPC is shown in Fig. 4, where i rct
is the reference stator current of the g-axis. Meanwhile, the
proposed MPC algorithm makes predictions about the future
output and the optimizer finds the best sequence of the control
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TABLE II
MAIN DIFFERENCES BETWEEN THE PROPOSED AND TRADITIONAL MPCS

Proposed MPC Traditional MPC

must be known in
advance as a
constant.

The predictive model
considers the induced torque
that ...

The machine parameters of
the predictive model ...

can be adaptive.

can be adaptive. are constant.
The state vector of a

predictive model has ... three components.

seven components.

clear and definite
coefficients.

The performance control
algorithm is based on ...

approximate rate
factor.

voltages that drives the predicted outputs as close to the reference
points as possible. Thus, a prediction horizon that will cover
the significant dynamics of the proposed driving system should
be chosen. The recommendation for choosing the prediction
horizon is to have 20 to 30 samples covering the open-loop
response of the proposed system. Besides, the control horizon
is set to 10% to 20% of the prediction horizon to avoid heavy
computation and to obtain better prediction [33], [34]. Therefore,
the prediction and control horizons of the MPC algorithms are
10 and 3, respectively.

A performance comparison is presented between the proposed
MPC strategy and the FOC strategy in [12] to prove the effec-
tiveness of the proposed MPC strategy. For a fair comparison, all
modifications in [12] are considered to improve the dynamic per-
formance of the FOC strategy. According to these modifications,
the gains of the PI controllers are adjusted depending on the
offline optimization procedure as explained in [12]. Meanwhile,
the techniques of the anti-windup and decoupling feedforward
are employed to reduce the signal overshoot. Besides, the plant
model and the constraint of the overspeed for the classical
MPC strategy as presented in [25] serve as a benchmark to
highlight the better performance of the proposed MPC strategy
when compared to each other. Thus, key differences between
the proposed and traditional MPC strategies are given out in
Table II.

A. Dynamic Performance of Sudden Changes in Speed and
Torque

In this section, the velocity of the PMSM is fully analyzed
in both operation regions. Besides, the motor is tested upon
sudden change of initial load torque in the constant power region.
Therefore, Figs. 5-7 show the performance of the PMSM under
the proposed MPC, the classical MPC, and the FOC, separately.
For the scenario of these figures, the reference velocity is about
235.62 rad/s under the initial load of 0.5 N-m which suddenly
increases to 4 N-m. Finally, the reference velocity will drop
abruptly from the flux-weakening region to about 188.5 rad/s in
the constant torque region.

Figs. 5(a), 6(a), and 7(a) show the measured velocity, refer-
ence velocity, and modified reference velocity of the proposed
MPC, conventional MPC, and the FOC, respectively. It should
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Fig. 5. Simulation performance of the proposed MPC strategy where (a)
measured, original reference, and modified reference velocities (w,, wyet, and
wd-ref), (b) measured and reference d-axis currents (i s, and i gs_ref), (C) g-axis
current (igs), (d) estimated torque (077,), and (e) a-f3 axes estimated fluxes
()\as—est and )\Bs—est)~

be mentioned that the reference velocity is modeled as a step
signal in all three implemented strategies.

However, the proposed MPC algorithm is based on the mod-
ified reference velocity provided by the proposed PCA rather
than the original reference velocity. As shown in Fig. 5(a), the
modified reference velocity appears as a function of a slope.
Therefore, it can be seen from these figures that the settling time
is reduced under the proposed MPC by about 34.1% relative
to the classical MPC and about 73% relative to the FOC. This
is the reason behind the time scale in Figs. 5 and 7 ranging
from 0 to 0.12 s in Fig. 5 and O to 1 s in Fig. 7. Meanwhile,
the speed drop during torque disturbance is reduced under the
proposed MPC by about 43.8% relative to the classical MPC and
about 85.1% relative to the FOC. Besides, the speed drop during
velocity change is reduced under the proposed MPC by about
60.1% relative to the classical MPC and about 91.9% relative
to the FOC. Finally, the steady-state error under the FOC is
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Fig. 6. Simulation performance of the traditional MPC strategy where

(a) measured, and original reference motor velocities (wg, and wref),
(b) measured and reference d-axis currents (igs and i4s-yef), (C) g-axis current
(igs), (d) estimated torque (671,), and (e) -3 axes estimated fluxes (Aqs-est
and )"Bs—est)~

about 2 rad/s, and lower than 0.5 for both MPCs. As a result,
the actual speeds cannot track the reference speed accurately
for the following reasons. For the FOC strategy, the flux outer
control loop can automatically adjust the flux level based on
the reference duty cycle. However, this steady-state error is
obtained due to the linearity of the proportional controller of the
speed PI controller and the nonlinearity of the controlled PMSM
plant. For the classical MPC strategy, the fixed parameters of
the predictive model cause this steady-state error because the
predictive model cannot accurately represent the nonlinearity
of the controlled PMSM. Therefore, the proposed MPC has
the most stable speed due to its shorter settling time and lower
undershoot. Thus, the credit goes to the PCA, which can control
the shaft acceleration more robustly than depending on the
change rate of the reference voltages of the traditional MPC.
Besides, the speed error directly controls the performance of the
motor within the proposed cost function.

Figs. 5(b), 6(b), and 7(b) show the d-axis measured current,
the computed reference current of the PCA, and the predicted
current of the proposed MPC, conventional MPC, and the FOC,
respectively. It can be seen from these figures that the mean value
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Fig. 7. Simulation performance of the FOC strategy where (a) motor velocity
(wm), (b) d-q axes currents (igs and ig4s), (c) estimated electromagnetic torque
(0T1,), and (d) -3 axes estimated fluxes (Aqs-est and Ags-est)-

of the d-axis current under the proposed MPC, before and after
the torque disturbance period, is reduced by about 1% and 2.6%
relative to the classical MPC, respectively. Besides, the mean
value of the traditional MPC current in the steady-state period
will grow up negatively relative to the reference current while
increasing the torque. Finally, the peak of the d-axis current
ripple is reduced under the proposed MPC by about 1% relative
to the classical MPC and about 78.7% relative to the FOC.

The performance of the stator current is controlled by the
further constraint of /s_,_max, as shown in Fig. 5(c). As a result,
itcan be seen from Figs. 5(c) and 6(c) that the g-axis current peak
under the proposed MPC is controlled well within the range of
the motor rated current (I;ateq) €ven though it is higher than that
under the classical MPC during the transient period to reduce
the transient time of speed. Meanwhile, there is a spike in the
g-axis current attempting to grow up.

Thus, this reflects the significance of the constraint, /5. ,-max,
in terms of breaking this spike at a portion of the transient
time. As a result, the mean value of the g-axis current under the
proposed MPC, before and after the torque disturbance period, is
reduced by about 31% and 28% relative to the classical MPC and
about 4% and 5.5% relative to the FOC, respectively. Finally, the
peak of the g-axis current ripple is reduced under the proposed
MPC by about 1.1% relative to the classical MPC and about
25% relative to the FOC.

Meanwhile, Figs. 5(d), 6(d), and 7(c) show the computed
electromagnetic torque. As can be seen from these figures, the
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proposed MPC has the highest starting torque and can reduce
the peak of torque ripple resulting from the fluctuation of the
currents by about 1.4% and 54.7% relative to the classical MPC
and the FOC, respectively. Thus, the FOC strategy needs to be
further improved to enhance the performance of the interior-type
PMSM [35]. Figs. 5(e), 6(e), and 7(d) show the estimated «-(3
axes fluxes relying on the TOGI observer for the proposed MPC,
the classical MPC, and the FOC strategies, respectively. Thus,
the ADLPM of the proposed MPC can consider the variable
operating torque to reduce speed drop, as well as the ripple of
current and torque.

The instantaneous values of the discretization matrices for
Aq, Bg, and Eq are shown in Fig. 8 based on (14)—(17). As
mentioned above, the purpose of these calculations is to update
the internal ADLPM over each speed region to better represent
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TRADITIONAL STRATEGIES PERFORMANCE RELATIVE TO THE PROPOSED MPC

TABLE III

FOR THE SIMULATION STUDY

Proposed

Classical

Items MPC MPC FOC
Settling time 0.0095 s 1.5 times 3.7 times
Speed drop rate . .
(at torque disturbance) 2.9 rad/s 1.8 times 6.7 times
Speed Flrop rate 2 rad/s 2.5 times 12.3 times
(at velocity change)

Steady-state error 0.0 0.5 rad/s 2 rad/s
Mean ids -18.93 A 1.1 times equal
1ds ripple 05A 1.1 times 4.7 times
Mean igs . .

. 025A 1.5t 14t
(before torque disturbance) mes 1mes
Mean iqs . .
2.03 A 1.1 1.1
(after torque disturbance) 03 times times
igs ripple 027 A 1.1 times 1.4 times
Torque ripple 0.31 Nm 1.1 times 2.2 times

the PMISM plant. Finally, Table IIT summarizes the superiority of
the performance of the proposed MPC compared to the classical
MPC and FOC strategies for the simulation study.

B. Dynamic Performance of Variable Machine Parameters

This section presents the simulation dynamic results if the
machine parameters differ under the same operating condi-
tions of speed and torque as in the previous simulation study.
Meanwhile, this section shows what extent the proposed MPC
and classical MPC methods depend on those parameters. Thus,
the stator resistance of the controlled PMSM is increased from
the nominal value to 1.12 2 at the temperature of 122 °C [12].
For the stator winding inductance, it will decrease by about 40%
when magnetic saturation occurs [12].

Fig. 9(a)—(c) shows the motor velocity and stator currents
of the d-q axes under the proposed MPC and classical MPC,
respectively. Besides, matching the estimated rotor position to
the counted rotor position proves the ability of the TOGI flux
observer to provide machine parameters for the proposed MPC,
as shown in Fig. 9(d) and (e), where the estimated rotor position
(0 1,-est) can be calculated as

Ags—
O—cst = atan2 (}M) .

as—est

(38)

As a result, the online estimated values of stator inductances
for the d-g axes of the proposed MPC and classical MPC are pre-
sented in Fig. 9(f) and (g), respectively. Finally, Table IV shows
the effect of changing machine parameters on the proposed
method and the classical method. Thus, it can be concluded
from this table that the proposed adaptive MPC method is less
dependent on changing machine parameters than the classical
MPC method.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

Comprehensive experiments and analysis are carried out in
this section to verify the proposed MPC in comparison to the
FOC and traditional MPC strategies. Therefore, two scenarios
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Fig. 9. Simulation results in the case of the changing machine parameters

under the control of the proposed MPC and classical MPC where (a) measured
velocities (wyy,), (b) measured d-axis current (ig4s), (¢) measured g-axis current
(igs), (d) estimated and measure rotor positions (6,-est, &) of the proposed
MPC, (e) estimated and measure rotor positions (6,-est, 0,) of the classical
MPC, (f) estimated d-axis inductance (L4-est ), and (g) estimated g-axis induc-
tance (Lg-est)-
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TABLE IV
CLASSICAL MPC PERFORMANCE RELATIVE TO THE PROPOSED MPC FOR THE
SIMULATION STUDY OF CHANGING MACHINE PARAMETERS

Ttems Proposed Classical
MPC MPC

Settling time 0.01s 1.5 times
Speed drop rate .

(at torque disturbance) 1.9 rad/s 1.7 times

Speed drop rate 3.1 rad/s 1.8 times

(at velocity change) ' '
Steady-state error 0.5 rad/s 2 times

Mean ids ]
. -192 A 1.1t

(after torque disturbance) ? 1mes
ids ripple .

(after torque disturbance) 035 A 1.1 times

Mean qs 23A 1.5 times

(after velocity change)

Back-to-

oscilloscope
- ad

Surface-
mounted
PMSM

sensor

Fig. 10.  Experimental setup.

are given out in the laboratory relying on the floating-point
digital signal processor controller of DSP28335, as shown in
Fig. 10. In this setup, a surface-mounted PMSM of 3 kW serves
as the controlled load and is coupled to the primary PMSM.
Also, the encoder of 4096 pulses per cycle is used to calculate
the mechanical angle. Finally, the proposed MPC execution
time is 0.1 s due to the computational burden of the real-time
optimization procedure [28], [29].

A. Dynamic Performance of Four-Quadrant Control Study

In this section, the four-quadrant operation of the controlled
PMSM is examined while the motor is operating in both regions
at the constant torque and the flux weakening. For the scenario
of this case, the reference velocity is 230.4 rad/s, and the initial
load torque is about 1.5 N-m. Afterward, the reference velocity
abruptly reverses to —225.2 rad/s. Thus, Figs. 11-13 show the
dynamic performance of the PMSM drive under the proposed
MPC, traditional MPC, and FOC strategies, respectively.

In Fig. 11(a), the reference velocity (w,.f) is programmed as a
step signal and not a slope signal. However, the proposed MPC
algorithm is based on the modified reference velocity by the
proposed PCA rather than the original reference velocity. As a
result, the modified reference velocity appears as a function of a
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Fig. 11. Experimental results of the proposed MPC strategy in case of four-

quadrant control where (a) motor measured velocity and manipulated modified
reference velocity (wp,, wWd-ref), (b) d-axis measured current, and reference
current (i4s, ids-ref), () g-axis measured current and maximum magnitude of
the stator current (iys, /5. p-max), (d) estimated electromagnetic torque (671,),
(e) a3 axes estimated fluxes (Aqs-ests Ags-est)> and (f) voltage vector (p).

slope. Besides, the measured velocity under the proposed MPC
has a settling time of about 0.55 s and no over speed.

Meanwhile, the settling time is reduced by about 30.7%
relative to the conventional MPC and about 86.6% relative to
the FOC strategy, as shown in Figs. 11(a), 12(a), and 13(a),
respectively. Besides, it can be seen from these figures that
the proposed MPC velocity has shifted quickly and smoothly
from the forward direction to the reverse direction, along with
regions of constant torque and constant power. Furthermore, it
is noticeable that the velocity of the FOC strategy has a delay in
response to the reverse direction, as well as a steady-state error
of about 13.6 rad/s. Thus, this indicates that the FOC strategy is
unable to establish the connection between the speed controller
and the field-weakening controller.

Figs. 11(b), 12(b), and 13(b) show the d-axis measured current
and d-axis computed reference current of the proposed MPC,
traditional MPC, and the FOC strategy, respectively. For the
operation in the flux-weakening region, the mean d-axis current
is reduced by about 1.7% under the proposed MPC relative to
the classical MPC. Meanwhile, the proposed MPC can reduce
the peak of the d-axis current ripple by about 2.3% relative to the
classical MPC and about 82.7% relative to the FOC. Besides,
the mean value of the d-axis current of both MPCs is the same
in the reverse direction of about —10 A. However, the d-axis
current of classic MPC does not follow the reference at the
steady-state region. The reason for this is that the linear model
plant for the classical MPC has a previously known constant
torque value that does not properly express the system torque.

Besides, the further constraint of the /s p_nax Of the PCA
reduces the mean value of the g-axis current. As a result, it



15350

(©)

».\ \A {

Time (0.5 /div.) |

Time (0.5 s/div.)
PN

(491 Nmv/div.)

(5.67 s, 0.0 Wb)

Time (15 ms/div.),
>

©)

®

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

o (LITA/div)

Time (0.5 s/div.) :
> (4,79¢A /div.)

(©

(@91 Nm/div.)

Time (0.5 s/div.)

o

(5.67s, 0.0 Wb)

Time (15 ms/div.)
>

(e)

®

Fig. 12.  Experimental results of the conventional MPC strategy in the case
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velocity (wm, wref), (b) d-axis measured current, and reference current (igs,
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can be seen from Figs. 11(c), 12(c), and 13(c) that the mean
g-axis current is reduced by about 28.5% under the proposed
MPC relative to the classical MPC and about 9.2% relative to
the FOC. Besides, the wave of the g-axis current contains a peak
that is attempting to increase in height. As a result, it reflects the
significance of the constraint (Ig. p.max) in terms of breaking
this increase in the transient period. Meanwhile, the proposed
MPC can reduce the peak of the g-axis current ripple by about
2.4% relative to the classical MPC and about 27.7% relative to
the FOC.

The calculated torque and estimated a-( axes fluxes for the
proposed MPC, the traditional MPC, and the FOC strategy are
presented in Figs. 11(d) and (e), 12(e) and (f), and 13(e), and
(f). Thus, the proposed MPC can also adapt the variable load
torque in the internal ADLPM to obtain high performance in
each speed region based on increasing the predicting efficiency
of the state variables to select the appropriate reference voltage
of the d-g axes. Therefore, the proposed MPC can reduce the
peak of the torque ripple by about 6.1% relative to the classical
MPC and about 53.2% relative to the FOC.

The voltage trajectory (p) can be defined to determine the
maximum limit of 0.0578Vy. that the inverter can supply to
the motor, as presented in Figs. 11(f), 12(d), and 13(d), where
the base voltage is 450 V, and p can be defined as

P = Vd2s—ref + qus—ref/‘/dc' (39)

Therefore, the voltage vectors are in the region of the flux-
weakening, where they are close to unity. Finally, Table V
summarizes the superiority of the performance of the proposed

Fig. 13.  Experimental results of the FOC strategy in case of four-quadrant
control where (a) motor measured velocity and reference velocity (w,, and
wref), (b) d-axis measured current (i45), and d-axis reference current, (c) g-axis
measured current (i4s), (d) voltage vector (p), (e) estimated electromagnetic
torque (077,), and (f) a3 axes estimated fluxes (Aqs-ests ABs-est)-

TABLE V
TRADITIONAL STRATEGIES PERFORMANCE RELATIVE TO THE PROPOSED
MPC FOR THE FOUR-QUADRANT CONTROL STUDY

Proposed Classical
Items MPC MPC FOC
Settling time 0.55s 1.5 times 7.4 times
Steady-state error 0.0 0.0 rad/s 13.6 rad/s
Mean ids :
. -148 A 1.1t 1
(before speed variation) 1mes equa
Mean ids :
. -10 A 1.1t 1
(after speed variation) 0 mes cqua
ids ripple 0.4 A 1.1 times 5.7 times
Mean igs 0.8 A 1.4 times 1.1 times
igs ripple 025A 1.1 times 1.4 times
Torque ripple 0.32 Nm 1.1 times 2.2 times

MPC compared to the classical MPC and FOC strategies for the
four-quadrant control study.

B. Dynamic Performance in Case of the Parameters
Mismatching of Stator Winding Inductances

This section presents the experimentally dynamic results if
the stator inductance parameters of the predictive models of
the proposed and classical MPC methods do not match the
nominal parameters listed in Table I which are reduced by
20%. Meanwhile, the four-quadrant operation of the PMSM
controlled system is also investigated with the same operating
conditions for speed and torque as in the previous experimental
study. Thus, this section shows to what extent the proposed and
classical MPC algorithms depend on those parameters.

Figs. 14(a)—(c) and 15(a)—(c) show the motor velocity and
stator currents of the d-q axes under the proposed MPC and
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Fig. 14.  Experimental results of the proposed MPC strategy in the case of the
parameters mismatching where (a) motor measured velocity (wy,), (b) d-axis
measured current (i4s), (¢) g-axis measured current (iys), (d) estimated and
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Fig. 15. Experimental results of the classical MPC strategy in the case of the
parameters mismatching where (a) motor measured velocity (w,,), (b) d-axis
measured current (i4s), (c) g-axis measured current (iys), (d) estimated and
measure rotor positions (6,,-est, &m), (€) estimated d-axis inductance (Lg-est,),
and (f) estimated g-axis inductance (Lg-est).

classical MPC, respectively. Besides, matching the estimated
rotor position to the counted rotor position proves the ability
of the TOGI flux observer to provide machine parameters for
the proposed MPC, as shown in Figs. 14(d) and 15(d). As a
result, the online estimated values of stator inductances for the
d-q axes of the proposed MPC and classical MPC are presented
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TABLE VI
CLASSICAL MPC PERFORMANCE RELATIVE TO THE PROPOSED
MPC OF PARAMETERS MISMATCHING CASE

Ttems Proposed Classical
MPC MPC

Settling time .
(before speed variation) 0.5s 1.5 times

Settling time .
(after speed variation) 0.3s 10.9 times

Mean iy .
(before speed variation) —1481A 1.3 times
Mean fags ~1024A 1.3 times

(after speed variation)

Mean iqs 0.7A 1.3 times

(before speed variation)

in Figs. 14(e) and (f) and 15(e) and (f), respectively. Finally,
Table VI shows the effect of parameter mismatching on the
proposed method and the classical method. Thus, it can be
concluded from this table that the proposed MPC strategy is less
dependent on mismatched parameters relative to the classical
MPC strategy. The reason behind that the proposed MPC can
adapt the parameters of the predictive model and the PCA.
However, both the predictive model and flux-weakening current
of (29) for the classical MPC strategy depend on the mismatched
parameters.

C. Dynamic Performance of Velocity Oscillation and Load
Torque Disturbance

Since the mechanical load and motor control would cause
speed oscillation [13], this section will check the robustness of
the proposed MPC in the case of velocity oscillation compared
to the classical MPC and the FOC strategies.

For the scenario of this case, the PMSM is controlled to a
reference velocity of 225.2 rad/s with an initial load torque of
0.5 N-m, then the load torque is suddenly increased to 7.5 N-m.
Therefore, Figs. 16—18 show the dynamic performance of the
drive system according to the control of the proposed MPC,
traditional MPC, and the FOC strategies, separately.

As shown in Figs. 16(a), 17(a), and 18(a), the steady-state
error of the proposed MPC, the classical MPC, and the FOC
strategy is about 0.2%, 0.2%, and 2.2%, respectively. Also, it
should be mentioned that the reference velocity is modeled as
a step signal in all three implemented strategies. However, the
proposed MPC algorithm is based on the modified reference
velocity provided by the proposed PCA rather than the orig-
inal reference velocity. As shown in Fig. 16(a), the modified
reference velocity appears as a function of a slope. Thus, the
settling time is reduced under the proposed MPC by about 39%
relative to the classical MPC and about 76.8% relative to the
FOC. Besides, the speed drop is reduced under the proposed
MPC by about 29.9% relative to the classical MPC and about
65.1% relative to the FOC. As a result, it can be concluded
that the proposed MPC strategy can track the reference velocity
with the lowest steady-state error and smaller speed fluctuation.
Besides, the performance of the FOC is the worst because it
is not able to consider the required performance restrictions of
the state variables altogether in one controller. Therefore, the
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Fig. 16.  Experimental results of the proposed MPC strategy for the oscillation
speed condition and torque disturbance where (a) motor measured velocity and
manipulated modified reference velocity (wy,, Wd-ref), (b) d-axis measured
current, and reference current (i4s, ids-ref), (C) g-axis measured current and
maximum magnitude of the stator current (igs, /- p-max), (d) estimated elec-
tromagnetic torque (471,), (¢) estimated fluxes (Aqs-est» Ags-est)> and (f) voltage
vector (p).

interior type PMSM needs further modification based on the
FOC strategy to get high performance [35].

Figs. 16(b), 17(b), and 18(b) show the d-axis measured current
(i4s), the computed reference current (i 45 o) Of the PCA, and
the predicted current (i 4,-,) of the proposed MPC, conventional
MPC, and the FOC, respectively. It can be seen from these
figures that the mean value of the d-axis current is reduced
under the proposed MPC by about 0.52% relative to the classical
MPC. However, the mean value of the classical MPC increases
significantly in the negative trajectory due to the rising load
torque. Meanwhile, the peak of the d-axis current ripple is
reduced under the proposed MPC by about 3.7% relative to the
classical MPC and about 80.1% relative to the FOC. Besides, the
d-axis currents of the classical MPC and the FOC are cut to zero
when the load torque is suddenly disturbed, which means that
the speed tracking performance of these strategies is negatively
affected. On the contrary, the PCA can keep the d-axis current in
the negative trajectory to get high-speed tracking performance.

Figs. 16(c), 17(c), and 18(c) show the g-axis measured current
(igs) of the proposed MPC, the classical MPC, and the FOC,
respectively. It can be seen from these figures that the peak of
the g-axis current ripple is reduced under the proposed MPC by
about 2.4% relative to the classical MPC. The reason behind this
is the used constant value of the torque of the classical MPC does
not describe the actual variable torque. Meanwhile, the mean
value of the g-axis current is reduced under the proposed MPC
by about 21.2% relative to the classical MPC and about 11.4%
relative to the FOC. Therefore, the calculation of Is_p max, as
illustrated in Fig. 16(c), is a significant constraint for solving
the proposed cost function rather than determining the rate of
change of reference voltages.
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Fig. 18.  Experimental results of the FOC strategy for the oscillation speed con-
dition and torque disturbance, where (a) motor measured velocity and reference
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current, (c) g-axis measured current (i4s), (d) voltage vector (p), (e) estimated
torque (677,), and (f) estimated electromagnetic fluxes (Aqs-est» ABs-est)-

The calculated torque and estimated axes fluxes for the pro-
posed MPC, the classical MPC, and the FOC strategies are
presented in Figs. 16(d) and (e), 17(e) and (f), and 18(e) and
(f), respectively. Thus, the ADLPM of the proposed MPC can
consider the variable operating torque to reduce speed drop, as
well as the ripple of current and torque. Therefore, the peak of the
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TABLE VII
TRADITIONAL STRATEGIES PERFORMANCE RELATIVE TO THE PROPOSED
MPC FOR THE VELOCITY OSCILLATION STUDY

Proposed Classical
Items MPC MPC FOC
Settling time 042s 1.5 times 4.4 times
Speed drop rate 12 rad/s 1.5 times 2.9 times
Steady-state error 0.5 rad/s equal S rad/s
Mean ids .
(before torque disturbance) 1054 1.1 times equal
Mean ids .
-119 A 1.1t 1
(after torque disturbance) ? tmes equa
ids ripple 032A 1.1 times 5 times
Mean igs . .
23 A 1.3¢ 12
(before torque disturbance) 0.23 3 times times
Mean igs . .
(after torque disturbance) 4A 1.3 times 1.2 times
Iqs ripple 038 A 1.1 times equal
Torque ripple 0.47 Nm 1.1 times 1.3 times

torque ripple is reduced under the proposed MPC by about 2.3%
relative to the classical MPC and about 21.9% relative to the
FOC. Meanwhile, the voltage vectors in Figs. 16(f), 17(d), and
18(d) indicate that the motor is in the flux-weakening region. Be-
sides, the efficiency of the controlled PMSM is low due to it being
unable to operate at the rated speed besides the rated torque. As a
result, the motor efficiency is about 56.2%, 56%, and 55% for the
proposed MPC, classic MPC, and FOC, respectively. Finally, Ta-
ble VII summarizes the superiority of the performance of the pro-
posed MPC compared to the classical MPC and FOC strategies
for the velocity oscillation and load torque disturbance study.

VI. CONCLUSION

The MPC algorithms have sparked a lot of research, whereas
flux-weakening operation in PMSM drives has not received
much attention so far. Therefore, the main contributions in this
article can be summarized as follows.

1) The proposed MPC strategy updates the internal time-
invariant linear model at every prediction time around the
operating conditions over different speed-field regions.

2) The online estimation of the induced torque and stator
winding inductance has been proposed based on the TOGI
observer.

3) The proposed cost function directly depicts the perfor-
mance of the motor based on the velocity error and d-axis
current error without dependence on the PI controller.

4) The proposed PCA calculates the modified reference
velocity, d-axis demagnetization current, and maximum
magnitude of the stator current. Thus, the rotor accelera-
tion of the PMSM is controlled to obtain a stable speed
and less current ripple.

Thus, the proposed MPC algorithm has been validated in com-
parison with the classical MPC and the FOC through case studies
to include scenarios, such as velocity change, machine parame-
ters variation, velocity fluctuation, and load torque disturbance.
As aresult, the obtained results have demonstrated the excellent
dynamic capability of the proposed strategy. Meanwhile, the
new method can take advantage of fast switching between speed
regions, which can effectively reduce speed drop. Besides, it
can reduce the current ripple, torque ripple, and transient period
compared to the traditional strategies.
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Finally, this article presents an improved adaptive discrete
linear plant model that can be extended as future work to fast
any real-time optimization technique of the MPC algorithm and
enhance the prediction performance.
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