An Enhanced Model Predictive Control Strategy to
Drive PMSM with reduced Torque and Flux Ripples

Masoud Nikbakht
Electrical engineering department
K. N. Toosi University of
Technology
Tehran, Iran
MasoudNikbakht@email.kntu.ac.ir

Sahand Ghaseminejad Liasi

K. N. Toosi University of
Technology
Tehran, Iran

Abstract— PMSMs are mainly controlled using DTC and
FOC. However, these methods suffer from relatively high
torque and stator flux ripples. This article proposes a model-
predictive control strategy in which, exploiting stator flux
observer and optimized cost function, the dynamic response of
the motor is improved. The stator flux and y-axis current are
considered as the state variables. Stator flux observer is used to
estimate the flux and torque angles. Moreover, a cost function
with optimized coefficients are used to optimize the model. A
simulation in MATLAB/Simulink is carried out and the results
are brought in the section V. The results show that the proposed
control strategy decreases the torque and stator flux ripples by
over 50%. Furthermore, the stator current THD has decreased
over 30%.

Keywords—PMSM, predictive-model control, hybrid control,
torque ripple, flux ripple.

. INTRODUCTION

Because of high power density, high efficiency and wide
speed range of permanent magnet synchronous motors
(PMSMs), they have been increasingly used in various
applications including electric pumps, fans and electric
vehicles [1,2].

PMSMs are mainly controlled using direct torque control
(DTC) and vector control (VC), also known as field oriented
control (FOC) [3,4]. Although these methods have some
similarities, VC and DTC differ in practical implementation
and mathematical modeling. While general VVC is based on
current control and has a smooth performance, general DTC
enjoys a simpler implementation, faster dynamics and less
dependence on parameter variations. Moreover, DTC offers
decent torque control in both transient and steady state.
However, DTC suffers from high flux and torque ripple.

Combined control methods are proposed based on the
characteristics of these methods [6-8]. These methods have
also been applied to linear induction motors and DFIGs [9],
[10]. These methods enjoy the advantages of the two
conventional methods in a way that the torque and flux ripple
are less than DTC method and the transient dynamics and
their steady state error are better than the VC method.

In [6], a hybrid approach is proposed in which the
reference current values are calculated from the reference
values of the flux and torque. In [7], a hybrid control method
is offered, which uses hysteresis controller and Pl flux
controller. Authors in [8] have exploited a deviation model
using switching table and hysteresis controller. Because of
eliminating the Pl controller, this method enjoys less
dependency to the system parameters, which can be
considered as an advantage. However, due to the use of
hysteresis controller, flux and torque ripples, as well as
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switching frequency, are highly dependent on the hysteresis
bandwidth.

Recently, model predictive control (MPC), due to its
simplicity and the ability to consider nonlinear system
parameters into the predicted model and calculate the
behavior of variables for different switching modes, has been
employed as an attractive and powerful method in power
electronics. Therefore, MPC has been widely used in
controlling multilevel inverters [11], Z-Source converters
[12] and electric motor drives [13-15].

Finite control set MPC (FCS-MPC) is the most popular
MPC method. In this method, according to the discrete
converter or drive model, the system behavior is predicted for
different switching modes and accordingly, the optimal
switching vector, which minimizes the cost function, will be
applied. A pragmatic comparison between predictive current
control (PCC) and predictive torque control (PTC) is
presented in [16]. The authors concluded that both of these
methods have similar transient behavior, although PTC has
less torque ripple than PCC. A robust current predictive
control is presented in [17], where a prediction error
constraint is added to the cost function. In [18], the reduction
of torque ripple in the PTC is carried out by a slight change
in the cost function. Adding switching frequency constraint
to the PTC cost function, in [19], the reduction of switching
frequency is performed, which has resulted in the reduction
of inverter losses.

However, since all abovementioned strategies are
founded on DTC, they suffer from relatively high torque
ripple. This ripple leads to undesired mechanical tensions and
increment of power loss, which decreases the system
efficiency. In this vein, direct flux vector control (DFVC) can
be considered as an alternative controller, which results in
less torque ripples [20, 21]. DFVC uses PI controllers, which
need to be tuned separately. To avoid exhausting PI tuning, a
model predictive control (MPC) approach is used in this
article. Simulation results validate the advantages of the
proposed method over DTC and PTC methods.

In the following, first, AC machine model in the field-
oriented frame will be explained. Then, predictive control
will be discussed in section Il and based on the provided
formulation, the proposed method will be explained. Finally,
a comparison between the proposed method with DTC and
PTC will be carried out to prove the efficiency of the
proposed method.

Il. MOTOR MODEL IN THE FIELD-ORIENTED FRAME

The dynamic behavior of PMSM can be explained in
terms of space vectors in various reference frames.

The DFVC method, presented in [20] and [21], is briefly
described in this section. The reference axes of the rotor and



the stator flux are presented in Fig. 1. Where (x-y) and (d-q)
represent the stator flux reference and the rotor reference
frame, respectively.

A. Ipmsm Model in Rotor Reference Frame

The interior PMSM (IPMSM) model in the rotor reference
Frame are described by:

ud = Rsid +%_W1q (1)
Uq = Rgig + % +wl, 2
Ag = Lgig + Ay (3)
Aq = Lgiq 4)

Ug, Uq, lq, ig, Aq, Aq are d_q axis stator voltages,
currents and fluxes respectively. R, is the stator winding
resistance and 4,, is the permanent magnet flux. w is the
electrical rotor speed and L4, L, are the d-axis and g-axis
inductances respectively.

The electromagnetic torque equations can be defined as:

To = () p(Amiq + (La = Lo)ialq) = (3) p(Raiq — -
Aqia)
Where p is the number of pole pairs.

B. IPMSM Model in Stator Flux Reference frame:

The IPMSM voltage equations in the stator flux reference
frame are given by [1]:

, dAx dé
uszSlx'i‘?—(W‘FE)ly (6)
, da dé
Uy = Ry + 2+ (W + )4, (7

Where uy, uy, iy, iy, Ay, A.y are x_y a_xis stator voltages,
currents and fluxes, respectively. w, is the stator flux
electrical angular speed.

das
w+— = w; (8)

Where § is the angle between stator flux and rotor frame
that called load angle, defined in fig. 1. Of course, in steady-
state conditions wg = w.

Since in the selected reference frame A, = 0, (6) and (7)
can be abridged as:

. da
U, = Rslx + d_: (9)
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Fig. 1. Coordinates of IPMSM
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uy = Ryly + (W + 221, (10)

In addition, the electromagnetic torque can be expressed
as a function of the load angle by:

3
T, = % [L%Lq 224 2,50 6] (1)
Obviously, both & and A are influential on the torque.
Moreover, for a constant flux, the torque is adjusted by 6.
However, the mentioned torque relationship is nonlinear and
dependent on the model. Therefore, an alternative direct
torque control method is suggested as follows:

T, = @) pAi, (12)

Where / is the stator flux amplitude. The torque
producing current i, defined in (12) is closed loop regulated
on behalf of § for the sake of torque control [20].

C. State Variables of DFVC

Since, in the DFVC method, the stator flux is controlled
directly, the control method have to be based on the stator
flux reference frame. The machine model has been presented
in the stator flux reference frame in the previous section. This
section, first, presents the DFVC state equations, then,
selecting the appropriate state equations, the corresponding
predictive control method will be presented. The flux and
load angle observer is also presented.

According to (9) and (10), the state variables will be 1, =
A, 8. The following relationships can be established.

as .
Uy—Rsly _

A [ e (13)

U, — Rl
dt X S*X

In [22], a direct control of the stator flux and the load angle
(torque angle) is presented. The state variables are the same as
the variables selected in (13). It is worth to mention that the
torque equation would be very complex in terms of 6 and A,
which makes it impossible to obtain a linear relationship by
controlling & and A. Therefore, instead of using 3, i,,, which
results in torque generation, is selected as the second state
variable. In this case, according to (9) and (10), the machine
voltage equations in the stator flux reference frame changes as
follows.

i _
o=

di . b .
W = (= Ry + 5 (= Ry = wd) (1s)

Uy — Rs ix (14)

Where a and b are variables that are a function of the
magnetic state of the machine and are defined as follows.

a(®) == (1 —*)sin25 (16)
2 Lq
b(A,8) = — <1 - i—d) cos 28 + ATmcos ) a7)
q

I1l.  PREDICTIVE STATOR FLUX AND CURRENT VECTOR
CONTROL

The presented predictive control is based on FCS-MPC,
which ensures that the stator flux (1) and current (i,) follow
their reference values. Fig. 2. illustrates an overview of the
proposed method. Details will be discussed in the next
subsections.



A. Proposed Control System
The continuous-time equations (14) and (15) can be

transformed to discrete-time equations using Euler
approximation as follows:
Ak +1) = A(k) + Ts(ux (k) — Rsir (k) (18)

iy (e + 1) = 1y (k) + Ty[= - (e (k) = Rl (K)) +
£ (aty (k) = Ry (k) = w(K))]

Where, T, is the discretization sampling time and k is the
samples number. In the above equations, A(k) will be
calculated by the flux observer, which is presented below.
Also, the reference currents of the stator flux (i, (k)) can be
calculated by the following equations:

iy(k) = ig(k) cos 6(k) + iy(k) sin 6 (k) (20)
iy (k) = —ig(k) sin&(k) +iq(k) cos 6(k) (22)

Finally, a cost function is exploited to select the optimal
switching mode. In the proposed method, the cost function
will be based on the predicted flux and current error.

(19)

6 =K@ =2k + D) + (5, — i,k + 1))2 (22)

The positive coefficient of K is the weight factor of the
cost function. The optimal selection of the weigh factor is still
a challenge in predictive control [23], [24]. In this paper, the
weight factor selection is done with trial and error.

B. Stator Flux Observer

The proposed method requires flux and torque angle
observers. An overview of the flux observer is shown in Fig.
3. In this observer, the flux is calculated using the machine
voltage equations at the stationary reference frame as follows:

. da
Uup = RS"D + d—l? (23)

. dAa,

Up, Ug, ip, lg, Ap, A are D_Q axis stator voltages,
currents and fluxes, respectively.

Using (23) and (24), A, and A, can be expressed as:
Ap = f(uD — Rgip + Vcomp) dt (25)

AQ = f(uQ - RsiQ + Vcomp) dt (26)

Veomp COMpensates various errors in flux estimation, such
as inverter nonlinearity, dead time, integration dc-offset and
stator resistance variation [25].

Flux magnitude can be written as (27).
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A= /Ag + 23 @7

The angle between stator flux axis and machine stationary
frame can be attained according to (28) and the torque angle
can be obtained from (29).

P = tan_l(j—Z) (28)

5= tan‘l(%) (29)

V. SIMULATION RESULT

Based on the proposed control strategy introduced in
section 111, a simulation is performed in MATLAB/Simulink
environment. The specifications of the machine are brought in
Table | and the block diagram of the control method is
presented in Fig. 2. To validate the efficiency of the proposed
method, it is compared with the classic DTC and PTC
methods. To have a proper comparison, all Pl coefficients are
set to their optimum values with trial and error, and the
average switching frequency of all three methods is set
between 4 and 6 kHz. The steady-state performance of the
proposed method in comparison to DTC and PTC are shown
in Fig. 4 and Fig. 5, respectively. The reference flux, load
torque and rotor speed are fixed at 4 Wb, 1 N.m, 800 rpm,
respectively. In the predictive method, the time constant (Ts)
is assumed to be 100 microseconds.

Clearly, at the steady state condition, the flux and torque
variations of the proposed method are less than the other two
methods. To be more precise, the torque and stator flux ripples
are reduced by 63.6% and 55% in comparison to DTC. These
values are 44.4% and 58% for PTC. The reduced variation can
help the motor to have smoother performance. Furthermore,
the overall efficiency of the system is increased using the
suggested control strategy. Having a close look over stator
flux of PTC, it can be inferred that the stator flux suffers from

TABLE I. PARAMETERS OF THE IPMSMs

Parameters Value Unit
Lg 42.44 [mH]
L, 79.57 [mH]
R 2.95 [Q]
Am 311 [Wh]

J (Inertia) .003 [Kg.m?]
B, .0001 (Nm. ﬂ]
Number of poles 4 --




some spike-shaped currents, which is related to stator flux.
These spike-like currents generate unwanted noises. However,
these spikes are suppressed in the proposed method to avoid
unwanted electromagnetic interference (EMI).

The transient state response of the flux, speed and torque
for DTC, PTC and the proposed method are presented in Fig.6

Proposed Method

1.2 1 | —— Classical DTC

0.8 0.85 0.9 0.95
Time(s)
(@)
—— Classical DTC —— Prposed Method

£ 0.41
=
=
w 04
S
[t
i 0.39

0.75 0.8 0.85 0.9
Time(s)

(b)

Fig. 4. Comparison of steady-state response of the proposed method
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Fig. 5. Comparison of steady-state response of the proposed
method with PTC (a) Electromagnetic Torque (b) Stator Flux

to Fig. 8. Fig. 6, illustrates the responses of all three controllers
to the torque step input, where it changes from 1 N.m to 3 N.m.
In this case, the reference values of the stator flux and speed
remained constant and merely a torque step is applied to the
motor. Although DTC and PTC provide good dynamic
responses, the proposed method have relatively smoother
transient response.

Fig. 7 presents the response of the control methods to the
stator flux reference step input. Again other characteristics
kept unchanged (1 N.m torque and the same speed of 800
rpm). The results prove the advantage of the proposed method
over the two other methods.

In Fig. 8, the transient response of the motor to a speed
step input is shown, where speed changes from 800 rpm to
1,300 rpm. The load torque and flux are kept unchanged. The
results show that using the proposed method, the motor can
reach its ultimate speed faster than the other control methods.

Fig. 9 shows the stator current waveforms for all three
different controllers. Contemplating the stator current
waveforms in Fig. 9 and the THD values, brought in Fig. 10,
it can be inferred that stator current enjoys a more sinusoidal
waveform in comparison to the other methods, which results
in less mechanical tensions and power loss. To be more
precise, THD of the stator current for the proposed method is
3.20% while this value for DTC and PTC are 4.84% and
4.64%, respectively. In other words, the offered method has
decreased the current THD by 33.88% in comparison to DTC
and 31% in comparison to PTC. It must be mentioned that the
current waveforms of three control strategies have been saved
in separated simulations, then, current waveforms of different
phases (phase A of DTC, phase B of PTC and phase C of the
proposed method) are plotted together to have a proper
illustration in one figure (see Fig. 9).
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Fig. 6. Comparison of torque transient response of the proposed
method with DTC (top) and PTC (bottom)
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V. CONCLUSION

PMSMs are widely used in various applications. These
motors are mainly controlled using DTC and FOC. However,
these methods suffer from two major deficiencies: relatively



high torque ripple and stator flux ripple. In this regard, in this
paper, a new control strategy based on DFVC is suggested to
suppress these ripples. A model-predictive control in stator
flux frame is employed in which the state variables are the
stator flux and y-axis current. Stator flux observer is used to
estimate the flux and torque angles. Moreover, a cost function
with optimized coefficients are used to optimize the model. To
validate the proficiency of the proposed method, a simulation
in MATLAB/Simulink is carried out and the results are
compared with PTC and DTC. The results illustrate that the
proposed control strategy decreases the torque and stator flux
ripples by 63.6% and 55% in comparison to DTC. These
values are 44.4% and 58% for PTC. Furthermore, the stator
current THD enjoys over 30% reduction.
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