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ABSTRACT

This paper presents a sensorless speed control algorithm based on Finite Control Set Model Predictive Control
(FCS-MPC) for Permanent Magnet Synchronous Motor (PMSM) fed by a 3-level Neutral-Point Clamped
(NPC) converter. The proposed scheme uses an anti-windup Proportional-Integral (P1) controller concept to
generate the reference electromagnetic torque using the error of speed. Then, FCS-MPC uses this torque
reference and other parameters such as a current limitation, neutral point voltage unbalance, and switching
frequency to control the converter gate signals. Also, an Adaptive Nonsingular Fast Terminal Sliding Mode
Observer (ANFTSMO) was employed to estimate rotor position precisely in positive (clockwise) and negative
(counterclockwise) speed to eliminate the encoder. The proposed algorithm has fast dynamics and low steady-
state error. Moreover, torque fluctuation and current distortion reduced compared with Space Vector Pulse
Width Modulation (SVPWM) based speed control and Direct Predictive Speed Control (DPSC). Simulation

results using MATLAB/SIMULINK® demonstrate the performance of the proposed scheme.

https://doi.org/10.30501/jree.2020.234039.1118

1. INTRODUCTION

Wind energy is the fastest growing among all renewable
energy systems and it has become possible due to the rapid
advances in the size of wind generators as well as the
developments in power electronics [1]. Variable-speed Wind
Energy Conversion Systems (WECS) can be controlled over a
wide range of wind speeds to facilitate their operability at
maximum power coefficients, thus allowing them to obtain
larger energy capture from the wind [2, 3]; therefore, speed
control is the vital factor of Maximum Power Point Tracking
(MPPT) of this type of WECSs [4, 5].

The most promising topology for variable WECSs is the
direct-driven, multi-pole Permanent Magnet Synchronous
Machine (PMSM) [5] which is characterized by more
advantages than fixed-speed ones such as higher power
density, fast dynamic response, improved efficiency, and
reduced mechanical stress [5-7].

Field-Oriented Control (FOC) and Direct Torque Control
(DTC) are the most common strategies to control PMSMs [8,
9]. Windup problem and bandwidth limitation (due to
existence of modulator) make FOC a non-ideal controller
choice [10]. DTC uses switching table to control motor torque
directly. Given that output voltage vectors are not always
optimal, this method suffers from high torque and stator flux
ripples [11, 12].

While the complexity of converters increases, the necessity
of applying advanced control strategies that are capable of
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considering multivariable systems and handling additional
control objectives is undeniable [13]. Multivariable structure,
excellent performance in the presence of nonlinearities, and
constraints consideration make MPC one of the best choices
for drive systems [14, 15]. Finite Control Set Model
Predictive Control (FCS-MPC) is one of the MPC methods
that takes advantage of the fact that the number of possible
switching states is limited; therefore, it is possible to predict
the effect of each Voltage Space Vector (VSV) to determine
the best VSV for the next sampling time [16].

FCS-MPC has been used to control the current in several
converter topologies [16-19]. Because of the inherent sluggish
behavior of the mechanical system, the ordinary Proportional
Integral (PI) controller does not provide a fast response to
reference speed change [19]. To overcome this problem,
Direct Predictive Speed Control (DPSC) without cascade
structure has been introduced [20-22].

A DPSC strategy directly controls the speed of the motor
and achieves high-speed control dynamics [13]. Compared to
current dynamic, mechanical dynamic is very slow and this
significant difference between time constants leads to torque
fluctuation and current distortion. Therefore, the designer
needs to consider a longer prediction horizon for DPSC [23].
Longer prediction horizon means more different switching
states that increase the computation time so drastically that
real-time implementation is not feasible in general [24]. In
[13], a DPSC method with a shorter prediction horizon was
used to control the speed of a PMSM fed by 3-level NPC
inverter. Results in [13] were acceptable, but two-step

prediction horizon means 27°=729 different switching
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states, which is far from 27 switching states for one-step
prediction horizon; therefore, this paper proposes a one-step
prediction horizon method.

One of the key factors of all speed control schemes of the
PMSM is the precise sensing of speed and position using a
dedicated external sensor or the exact estimation using a fast
and accurate observer. Eliminating encoder used to measure
the speed and position of the shaft increases the reliability and
applicability of PMSM and leads to schemes with more
compact constructions and lower costs [25].

The most common method for the position and speed
estimation of PMSM is the back electromotive force (back-
EMF) method [26, 27]. Despite the simplicity of this method,
it yet shows excellent results in high-speed applications [28,
29]. However, one of the well-known problems of this method
is the dependency of back-EMF on the speed of the rotor.
When motor works in the low-speed range, since back-EMF is
small, accurate estimation of position becomes a challenging
task [27-29]. In [23], a startup strategy was designed to
provide a better estimation at low speeds. In [31], an active
flux estimator was used to ensure a better estimation at lower
speeds. However, this method is not able to estimate position
in the reverse mode.

In this paper, a full range position and speed estimator using
an Adaptive Nonsingular Fast Terminal Sliding Mode
Observer (ANFTSMO) [25] was employed to estimate the
PMSM rotor angle and speed without an encoder. ANFTSMO
can not only solve the chattering problem in the low-speed
region, but also track the rotor angle at reverse speeds quickly,
accurately, and without chattering [25].

To control the speed of PMSM in the presence of
current/torque limitation, in the proposed method, first, we
design a reference torque to use in FCS-MPC; then, a cost
function using current references, torque reference, torque
constraint, and switching constraint is designed. By replacing
the speed error term with the electromagnetic term in the cost
function, the necessity of using multiple horizons is obviated
and the proposed method becomes almost as fast as a
predictive speed control scheme with lower torque oscillation,
current distortion, and steady-state error.

The main contribution of the paper is as follows:

- Rotor position estimation using ANFTSMO

- Designing a discrete electromagnetic torque reference
signal for FCS-MPC

- Proposing a new objective function for FCS-MPC-
based speed controller.

It is worth mentioning that the novelty of the paper is in
utilizing the designed torque reference as a part of the cost
function to minimize the oscillation of speed and torque.

The organization of the paper is as follows. Section 2 gives
a description of model including PMSM and inverter and their
equations. Section 3 introduces the FCS-MPC algorithm and
the proposed method. Section 4 explains cost function terms
and considerations. Section 5 introduces and discusses
simulation results. Section 6 concludes the paper.

2. SYSTEM DESCRIPTION

Fig. 1 shows a topology including PMSM fed by 3-level NPC.
The PMSM and inverter models are described in the following
subsections.

iDCp Isp

VDC

/

Figure 1. PMSM fed by 3-level NPC topology

2.1. PMSM model

By assuming a Surface-Mounted PMSM (SPMSM) with the
same inductance for d and g axes, the dynamic model for the
SPMSM in the d-q reference frame can be described as
follows [16]:
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A discrete model of PMSM is needed to predict the future
values of current and torque for FCS-MPC. To decrease the
calculation burden, the model can be rewritten in discrete time
using a simple discretization method like the Euler method
[32].
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2.2. Inverter mode

The power circuit of NPC inverter for one phase is shown in
Figure 1. S,y represents the switching state of phase x and
switch g with x={a, b, ¢} and q={1, 2, 3, 4}. Table 1 shows
the values of S,q and its equivalent voltages. For three phases
of this inverter, 27 switching states are generated [33]. It is
worth mentioning that to prevent short circuit, S, = 1-S,; and
Sx4 = 1'Sx2-
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Table 1. Switching table of one phase of NPC inverter

Sx Sx1 Sx2 Sx3 Sx4 Uy
P=1 1 1 0 0 Vao/2
0 0 1 1 0 0
N=-1 0 0 1 1 V)2

To use in (1), one needs to convert it to and using Park and
Clarke transformation as follows:

Vg :[vd vq]T =MDU,

cos® —sin®

M= Line cosO } ©)
21 -1/2 -1/2

25{0 J3/2 —\@/2}

where D is Clarke transformation, M is the Park
transformation matrix and 0 is the electrical angle of the rotor
[8].

Unbalanced neutral point voltage V, has negative impact on
the output voltage and semiconductor switch stress [34]. FCS-
MPC has the ability to control V, by predicting the voltage of
the neutral point using 3-phase currents and switching states
as follows [34]:

dv, dv, dv, 1
ot dtZZE{(IS"_IS”)}

. Q)
Vo [k 1] = Vo [k]+ 2 (15, [K] = 15, [K])

3. FCS-MPC DESCRIPTION

Figure 2 illustrates the operating principle of FCS-MPC [35].
Due to the finite number of switching states S;, FCS-MPC can
predict all possible system states x” over a sampling period T
based on system model and measured values. Then, depending
on the objectives, a cost function C can be defined to discover
the best possible switching.

As an example, considering Figure 2 in the first step,
xP[k + 1] is closest to the reference x™'; thus, S, is selected
and applied at t = k. Following the same procedure, S; will be
selected for the second step and used att =k + 1.
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Figure 2. Operating principle of FCS-MPC

4. COST FUNCTION DESIGN

According to the FCS-MPC scheme, cost function has a
significant effect on system performance [16]. By properly
selecting the cost function, FCS-MPC can control multiple
objectives at the same time. However, proper selection of the
items and weightings is a challenging task. In this section,
items of the cost function are discussed.

4.1. Tracking term

The main objective of the controller is to control the speed of
PMSM. First, a reference is designed for electromagnetic
torque. The design procedure is based on an anti-windup Pl
controller concept [36].

T [k+1] =T [K]+k, (e, [K] e, [k -1])...

kT, (e, [K]+€[K]) ©

where TZ®f is the electromagnetic torque reference to use in
FCS-MPC, k; and k, are coefficients, and e, and & are as
follows:

e, [k]= 0" [k]-o[k]
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After reference generation for T, its error can be used in the
cost function.

p =T [k+1]-T,[k+1] (7)

In surface-mounted PMSM with Ly = L [6], the d-axis
current does not affect electromagnetic torque and can be
controlled independently. Thus, we can consider an error for
d-axis current control.

e, =iy [k+1]-i,[k+1] ®)

It is worth mentioning that i¢'[k + 1] is not accessible and
if we use i5*f[k] instead, it may lead to a delay in the system.
Here, extrapolation method is used to build i5¢'[k + 1] from
current and past values of i5?f as follows [37]:

iy’ [k+1]=3ig" [k]-3iy" [k-1]+ig  [k-2] )

By combining e, and &, into one function, tracking term
of the cost function will be as (10):

i, 0 0]e,
CTz[eid er emJ 0 Ay 0 ]eg (10)
0 0 &, ]e

where 4, , 4; ,and A, are the weighting factors.
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4.2.7Zero term

Zero term is a part of the cost function that should be kept at
zero. Here, only the neutral point voltage is considered for this
term.

Cz = 7"vn (Vo )2 (11)

4.3. Constraint term

The constraint term may consist of multiple parts such as
current limitation, torque limitation, and switching limitation.
We considered the current limitation and switching limitation
using (12) and (13).

o P (i) (i, o
cr—

0 oW

Ccs:xs( _Z;,

S, [k+1]-S, [k]|] (13)

where 4,, and A are the weighting factors.

Using Cc;, we limit the current to the maximum allowed
value and Ccs helps have a lower switching frequency by
considering switch state as a variable. Thus, if we have two
different switching with the same cost, the one with a lower
switching change will be chosen.

As an example, if the last switching is S = [1 0 -1] and in
next sampling, S, = [0 0 -1] and S, = [1 1 -1] have the same
cost, the former one will be chosen, because it has just one
switching in phase a and switching states in phase b and ¢ will
remain unchanged.

By incorporating C¢; and Ccs into one term, the constraint
term is written as follows:

C.=C, +C (14)

Finally, by considering the tracking term, the zero term, and
the constraint term in one equation, the cost function to be
minimized using FCS-MPC becomes

C=C;+C,+C; (15)

Remark: A combination of multiple variables in a single cost
function is not a straightforward task when they have different
natures (in units or values). Finding optimal weighting factors
is still an open problem, but there are some methods to find
these factors correctly [38, 39]. Designing weighting factors is
not in the scope of this paper and in this work, factors are
designed using normalization and multiple simulations.

5.SIMULATION AND RESULTS

To demonstrate the performance of the proposed method in
this section, the method is compared with two other methods,
i.e., a DSPC using FCS-MPC introduced in [20] and an FOC
method with a cascade structure using anti-windup PI as speed
controller and SVPWM modulator [40]. Moreover, for the
latter one, a system without a modulator is considered to

check the ideal case without switching. In these references,
similar to our study, one-step prediction horizon has been used
to decrease the oscillation.

Figure 3 illustrates the block diagram of the proposed
method, and Figure 4 shows the flowchart for more details.
Also, the parameters of the PMSM, inverter, and controller are
presented in Table 2. Furthermore, the angle of the rotor is
estimated using the method in [24] for all three controller
schemes.
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Figure 3. Block diagram of the proposed method
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Figure 4. Proposed method flowchart
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Table 2. System and controller parameters

Variable Parameter | Value Symbol
Sampling time Tg 10 us
Stator resistance R 6.8 Q
Stator inductance Lg 8 mH
Flux linkage Ymg 0.41 web
Pair poles Zp 3
Moment of inertia Jm 0.0212 kg/m?
Viscose damping By 0.31 Ns/m
DC voltage Vpe 120 \%
Current limitation Inax 6.5 A
Torque limitation Tem 12 Nm
Proportional factor kq 30
Integral factor k, 10000

Figure 5 shows the reference value of speed, reference value
of T, along with actual and estimated values of motor shaft
position during simulation. It is clear that the ANFTSMO
estimated rotor position accurately not only at low and high
speeds but also during speed direction change.
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Figure 5. Reference for speed and mechanical torque and the rotor
angle

Figure 6 shows speed change during the simulation for four
methods as mentioned above and for more details, Figure 7
illustrates zoomed areas of Figure 6 defined with red dotted
rectangles.
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Figure 6. Speed change during simulation, a) Proposed method, b)
DSPC, c) Ideal FOC, d) SVPWM FOC, and e) Reference speed

Section () of Figure 7 shows the step change of the
reference speed. As can be seen, due to the slow dynamic of
speed, compared to current dynamic, the DPSC method has
oscillatory behavior with the one-step horizon. Moreover, the
FOC method has a lower speed even by considering the ideal
case, without switching and modulator. The main reason

behind this lower speed dynamic is the cascade scheme, which
forces the designer to have a lower bandwidth in outer loop.
Also, by adding the modulator and switching, the FOC has a
lower speed than the ideal case. However, the proposed
method has a faster dynamic than the FOC method and
smaller overshoot and lower oscillation than original DPSC.
When the speed error term e, reaches near zero, the torque
component added to the cost function, with a faster dynamic,
will have greater impact on the optimal value for switching
selection; thus, the sluggish nature of the cost function is
almost obviated and motor speed has very lower oscillation
than DPSC.

Section (I) of Figure 1 shows step down of speed and has
almost the same behavior as step up change. Section (I1I)
shows speed change during mechanical torque variation, it can
be seen that FOC and the proposed method have the same
behavior. Finally, Section (IV) shows the steady-state
response of the system for the proposed method and FOC.
Because of the optimal selection of voltage vectors, the
proposed method has very lower steady-state error; however,
in return, it suffers from variable switching frequency unlike
FOC. To have a quantitative criterion for speed and torque
distortion, using the Mean Square Error (MSE) for the speed
and torque variables, as described in (16), the results can be
shown in Table 3. It can be observed that the proposed method
has a lower speed and torque distortion than SVPWM. This
advantage is because the designed torque reference is
considered as part of the cost function to minimize the
oscillation of speed and torque.
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Figure 7. Zoomed area of Figure 3, (1): Motor speed during reference
speed step-up variation, (I1): Motor speed during reference speed
step-down variation. (111): Motor speed during load torque variation,
and (1V): Motor speed in a steady state, a) Proposed method, b)
DPSC, c) Ideal FOC, d) SVPWM FOC, and e) Reference speed
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Table 3. Speed and torque MSE for the proposed method and
SVPWM method

Proposed method SVPWM
Speed MSE 6.85¢7°> 160e~>
Torque MSE 0.0348 0.176

Figure 8 illustrates variations of electromagnetic torque T,
during simulation and for more details, Figure 9 shows the
zoomed area of red rectangles in Figure 8.

From Figure 9, Sections (1) and (lI), it can be seen that in
step-up and step-down speed changes, because of the nature of
the predictive control, the proposed method has no overshoot
or under-shoot. Also, in the DPSC, there is a high gain
fluctuation in T,, which can reduce the life expectancy of
motor shaft.

Section (II1) of Figure 9 illustrates the steady-state
performance of T, for all the methods mentioned above.
Despite the DPSC which has high oscillation because of the
difference between mechanical and electrical time constants
as well as the ideal FOC which experiences no oscillation, the
proposed method is subject to much less oscillation than
SVPWM FOC.

Te [Nm]

-10f 1

_20 1 1 1
0 0.1 0.2 0.3 0.4 05 0.6 0.7

Time [Secl
Figure 8. Electromagnetic torque variation during the simulation, a)

proposed method, b) DPSC, ¢) Ideal FOC, and d) SVPWM FOC
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Figure 9. Zoomed area of Figure 5, (1): during step-down reference
speed, (I): during step-up reference speed, (I11): in steady-state, a)
proposed method, b) DPSC, ¢) Ideal FOC, d) SVPWM FOC

For surface-mounted PMSMs, one of the controller’s
objectives is to keep d-axis current at zero to satisfy the
MTPA criteria [41]. Figure 10 shows iy during simulation,
showing that in the steady-state and transient phases, the
proposed method has a better performance than other
methods, except ideal FOC without switching components.

No. 2, (Spring 2021) 13-20
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Figure 10. d-axis current variation during simulation time and
zoomed areas, a) proposed method, b) DPSC, c) Ideal FOC, and d)
SVPWM FOC

6. CONCLUSIONS

In this work, an encoder-less FCS-MPC-based speed control
algorithm was proposed for a PMSM fed by a 3-level NPC
converter. The controller used an anti-windup Pl controller
concept to generate reference torque using the error of speed;
then, FCS-MPC used this torque and other parameters to
control converter gates.

Simulation results demonstrated the effectiveness of the
method in the transient and steady state phases. The method
has not only a fast response during reference variation but also
much lower overshoot or undershoot than FOC method.
Moreover, compared with the recent methods like DPSC, the
proposed method has much less oscillation in a steady state in
both speed and torque characteristics. Future research could
continue to explore experimental results and compare the
results with methods that used multiple prediction horizon.
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NOMENCLATURE
ig 1q Stator current in dg Ref. frame
Va,Vq Stator voltage in dq Ref. frame
R Stator resistance
L Stator inductance
We Electrical rotor speed
6 Electrical angle of the rotor
Te Electromagnetic torque
Ty Load torque
Zp Number of pole pairs
Jn Inertia coefficient
B, Friction coefficient
Umg Flux linkage
Ts Sampling time
Vbc DC voltage
Inax Current limitation
Tem Torque limitation
Greek letters
A Weighting factors and x = {ig, ig, Te, Vo, I}
Subscripts
ref Reference value

Abbreviation
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WECS Wind Energy Conversion System
MPPT Maximum Power Point Tracking
PMSM Permanent Magnet Synchronous Machine
FOC Field-Oriented Control
DTC Direct Torque Control
Adaptive Nonsingular Fast Terminal Sliding Mode
ANFTSMO Observer
MTPA Maximum Torque Per Ampere
Pl Proportional Integral
MPC Model Predictive Control
FCS-MPC Finite Control Set - MPC
DPSC Direct Predictive Speed Control
SPMSM Surface-mounted PMSM
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