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Abstract— A direct speed control strategy based on
finite control set model predictive control (FCS-MPC) with
a voltage smoother is presented herein. In the proposed
concept, a finite set of smoothed voltage vectors
characterized by an adjustable amplitude and a movable
origin is introduced as voltage candidates in the FCS-MPC
scheme. The controller predicts the future current and
speed and outputs the optimal smoothed voltage using
pulse-width modulation. Owing to this control scheme, an
abrupt change in the output voltage, which causes a large
current ripple, is avoided without additional computational
costs. Simulation and experimental results obtained using
a permanent magnet synchronous motor fed by a two-level
three-phase inverter show that the proposed method
effectively reduces the current ripple while achieving a
high dynamic drive compared with the conventional FCS-
MPC scheme.

Index Terms— Direct speed control, finite control set
model predictive control (FCS-MPC), permanent magnet
synchronous motor (PMSM), pulse-width modulation
(PWM), voltage smoother.

|.  INTRODUCTION

he speed control of electrical machines is vital to electric

drive systems, and various techniques for implementing
speed control have been investigated in the past decades.
Field-oriented control with a proportional integral (PI)
cascaded structure, which can yield a stable drive performance
by setting the appropriate gain parameters, is typically used in
speed control applications [1]-[3]. However, the bandwidth of
the controller cannot be expanded to the high-frequency side
beyond a certain level while avoiding overshoots, undershoots,
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and oscillations. Furthermore, the bandwidth of the outer-loop
speed controller should be set smaller than that of the inner loop
current controller. Therefore, improvements in the dynamic
performance of electric drives are limited if the control
algorithm is based on this strategy.

Among the advanced techniques whose concepts differ from
those of the feedback-based classical approach, predictive
control has been investigated extensively in the fields of power
electronics and electrical drives [4]. In the classification of this
method, model predictive control (MPC) [5], which primarily
comprises a continuous control set MPC [6]-[8] and a finite
control set MPC (FCS—MPC) [9]-[12], is one of the most active
research areas in recent years. MPC offers a high dynamic
performance and can manage the nonlinearities of a plant and
constraints such as the current limit or voltage limit.
Furthermore, powerful microprocessors, which can execute the
MPC algorithm during the short sampling time required for
power electronics control, have recently become available.
Hence, it has been widely introduced as a control strategy for
electric machines such as induction motors [13]-[15] and
permanent magnet synchronous motors (PMSMs) [16]-[20].
Although these studies are aimed at current or torque control,
MPC schemes can be expanded to speed control without a
cascaded structure.

A direct speed control scheme based on FCS-MPC was
investigated to overcome the limit of the dynamic performance
[21]-[23]. As the future states of an electric motor, (i.e., both
current and speed) are directly predicted in discrete steps using
a finite set of voltage vectors, a cascade structure is not required
in these control schemes. Simulation and experimental results
from previous studies showed superior tracking performance
with respect to the reference speed; however, current ripples
occurred, particularly in the steady-state operation. In FCS—
MPC, the controller outputs the voltage, which is selected from
the finite set of voltage vectors at each sampling time; therefore,
the output voltage will change abruptly [24]. Moreover, in
simulations and practical implementations of FCS—-MPC, the
real switching frequency tends to be lower than its theoretical
maximum value [25]. Therefore, a current ripple with a large
amplitude, which can cause torque ripples, mechanical
vibrations, noise, and losses, is generated. The suppression of
current ripples in FCS—-MPC is a technical problem that must be
solved to enable its industrial use. A faster sampling period is
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Fig. 1. PMSM drive system.

efficient for reducing current ripples. However, the computing
power of the micro-control unit is limited and cannot be
reduced significantly.

Several strategies have been investigated to overcome this
drawback [25]-[28]. In [25] and [26], a variable switching
point was presented to minimize torque ripples. The
experimental results showed favorable performance under
steady-state and transient operating conditions. However,
improvements in current and torque ripple reduction were
limited, and the computational effort increased owing to
additional calculations for future state prediction at the present
variable switching point. In [27], a control scheme that
switched modulation-based PI control and FCS-MPC based on
the driving situation was proposed. The simulation results
showed favorable performance in terms of current ripple
reduction during steady-state operation. However, the control
algorithm was complicated because two completely different
control methods were required. Moreover, it was difficult to
switch the two algorithms without incurring a discontinuous
change in the output torque and speed. In [28], a suitable search
space for determining the optimum output voltage in the FCS—
MPC scheme was introduced. The experimental results showed
excellent performance for current ripple suppression compared
with the traditional approach. However, the computational cost
will increase significantly because of the increased size of the
search space.

Modulation-based MPC, CCS-MPC [6]-[8] is expected to
maintain a low current ripple owing to its continuous output
voltage. However, this strategy has a complex formulation to
solve the optimization problem and requires considerable effort
to achieve controller implementation.

A deadbeat control with modulator [29], [30] is effective
strategy to achieve fast transient response. However, the
controller cannot handle the control constraints [4]. In addition,
the control performance is sensitive to parameter mismatch in
the model, and the remarkable steady-state error occurs without
any compensation in simple current control [31]. This low
robustness can be a problem to achieve speed control based on
deadbeat-based strategy.

Herein, direct speed control based on FCS-MPC with a
voltage smoother is presented, where voltage candidates in the
FCS-MPC scheme are created using a smoothing concept
initially introduced in [24]. In this method, a finite set of
smoothed voltage vectors with adjustable magnitudes is
arranged around the previous output voltage as voltage
candidates. The controller selects the optimal smoothed voltage
vector through the prediction process and applies it using an
inverter with a pulse-width modulator. Based on the proposed
strategy, an abrupt change in the output voltage, which yields a
current ripple with a large amplitude, can be avoided without
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Fig. 2. Voltage vectors yielded by two-level three-phase inverter.

Ve

high additional computational costs. In addition, an arbitrary
magnitude voltage can be output; however, the algorithm is
based on FCS-MPC. Therefore, the advantages of FCS—MPC
in addition to those previously discussed, such as less complex
formulation, can be inherited while improving the previously
described drawback. The strategy for the proposed direct speed
control for PMSMs involving the smoothing concept is
presented comprehensively herein, and the simulation and
experimental results for assessing the performance of the
proposed method including additional results are compared
with the results from [24].

II.  FINITE CONTROL SET MODEL PREDICTIVE CONTROL

A PMSM and a two-level three-phase voltage source inverter
were emphasized in this study, as shown in Fig. 1. In this
section, the numerical models of the PMSM drive systems and
the principles of FCS—-MPC for speed control are summarized.

A.PMSM model

The continuous model of the PMSM in the dq frame is
described as follows:

. L

id=—£id+—qweiq+ivd )
La’ Ld Ld

RN Sy S A @
Lq Lq Lq Lq

R represents the stator resistance, and y the flux linkage of
the permanent magnet. Ly and L, denote the d- and q-axis
inductances, respectively, and w. the electrical rotor speed.
Meanwhile, iy and i; denote the d- and g-axis currents,
respectively; vq4 and v, denote the d- and g-axis voltages,
respectively.

The electric torque 7. is calculated using the following
equation, where p represents the number of pole pairs:

3 . .
]-; = Ep(l//lq +(Ld _Lq)ldlq) (3)

The mechanical model of the PMSM involving a load torque
is expressed as
) D 1
@ :_7a)m+7(7—;_7;)’ (4)
J J

m

where D is the mechanical friction coefficient, J the rotor
inertia, 7; the load torque, and w, = w. / p the mechanical rotor
speed.

The continuous models expressed in (1), (2), (3), and (4) are
discretized with the sampling time 7 as follows:

i, (k+1)= [1 - ZER Jid (k) + Tqu o, (k)i (k) + LL;vd (k) (5)

d d
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The results presented herein were obtained using a
surface-mounted permanent magnet synchronous motor
(SPMSM). Hence, the d- and g-axis inductances in the previous
numerical model were equal, i.e.,

L,=L =L )

B. Inverter model

A two-level three-phase inverter, which comprises six
switching power devices, can yield voltage vectors, as shown in
Fig. 2. The relationships between the inverter output voltage
and switching states are described as follows:

s - 1, S :on S,:off (10)
“ 10, S :off S,:on

5, = I, S,:on S,:off (11)
0, S,:off S5:on

S - I, S,:on S;:off (12)
“ 10, S;:off S;:on

2 JE” J'i” 13

S:S(Sﬁe 'S, +e3S) (13)

V=V,S (14)

In the equation above, V is the output voltage vector, and V.
is the DC link voltage.

C.Control Strategy

The primary control scheme of this work is based on direct
speed control [20], which is an expanded predictive current
control technique [10]. In this strategy, the voltage vector is
selected as the optimal control output among a finite set of
voltage vectors through evaluation using a cost function. Hence,
the cost function is an important element as it determines the
control performance. In this study, the evaluation value was
determined using three terms: speed error, current error, and
control constraints [20]. For speed control, the minimization of
the error between the reference and measured rotor speeds is
the primary goal. In the SPMSM, i, should be minimized such
that the input energy is minimized as well. Furthermore, the
controller must regulate the current within the limitations
stipulated in the drive system specifications. Therefore, the cost
function was designed as follows:

Nﬂ Nﬂ Nﬂ
g= aZgS(k+i)+b2gc(k+i)+cZgL(k+i) (15)
-1 i=1 i=1

(16)
(17

g5(0) = (w0, (k) ~w, (k)
gc(k)=(0.0-i,(k))’

Current
N

Fig. 4. Possible voltage vectors with N, =2 and N.= 1.

1,(k) 1,(k)<0

g,‘(k)={ (k) (1;(k)<0) (18)
0 (1,(k)>0)

1,(k)=1, = Ji, (k) +i, (k) (19)

Here, a, b, and c are the weighting factors, whereas I; is the
limiting value of the winding current of the electric motor. Note
that the reference current in the d-axis is set to zero, that is, the
weakening flux region is not the focus of this study.

For direct speed control, a load torque is necessitated to
predict the future speed using (8); however, the use of the
sensor is restricted owing to its volume, weight, cost, and
reliability. Therefore, a load torque estimation technique using
an observer was adopted in this study. Although several
strategies for load torque estimation have been proposed [32],
[33], state observer-based prediction error correction [34] was
applied in this study because of its simple structure and low
computational power. The estimated load torque 7', was
calculated by the observer as follows:

B0 =T+ K,y (0, (-0, () (O

Here, w,," is the predicted speed at the previous time step in
the FCS-MPC scheme, ;" is the measured speed, and K;r is
the gain parameter. The tuning result of the gain parameter K;r
significantly affects the tracking performance to the reference
speed and must be tuned to satisfy both the control stability and
responsiveness of speed control. Hence, as summarized
following, the value of K;r was determined based on the tuning
method described in [34].

The prediction speed error resulting from using the observer
integrated with LPF for reducing encoder signal noise depicted
in Fig. 3 can be expressed as followings.

Ao=0,"-0," 21
= z”

szjz T;—KLT?F(Z)ACU (22)

F(Z) _ bO +b12_] +b22_2 (23)

a, + alz’l + azz’2
Therefore, the transfer function between the load torque as
input and the prediction error as output is derived as follow.

(=22
T (24)
B a2 +(a,—-a)Tz +(a,~a)Tz-a,T,
agdzt +(K by +a,—a,)J2 + (K, b +a, —a,)J2 + (Kb, —a,)Jz
To satisfy the stability of the prediction process, and thus the
stability of direct speed control, the poles of H(z) should be lied

in the stabile region. In this study, the value of K;r was set to
0.09 in accordance with the criteria listed in [34].
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Fig. 5. Control block diagram of conventional FCS-MPC.

In this study, the predicted horizon N, and control horizon N,
which constitute the parameters in the FCS—-MPC scheme, were
set as 2 and 1, respectively. In this setting, the controller
calculates the future current and speed for all possible voltage
vectors, as shown in Fig. 4.

The different steps at every control sampling are described
below, and the control block diagram of direct speed control
based on FCS—-MPC is shown in Fig. 5.

STEP1: Measure the machine currents ig(k) and iy (k), as well as
the rotor speed w,.(k).
STEP2: Predict the future states for the next sampling time
ia(k+1), ig(k+1), and w.(k+1) using the discrete models
expressed in (5), (6), (7), and (8) while estimating the
load torque 7(k) based on (20). This step is executed
to compensate for the discrete delay caused by the
computing process in a digital control system [35].
Predict the future currents [iz(k+2), ia(k+3)] and
speed states [wn(k+2), wu(k+3)] using the discrete
models expressed in (5) to (8) and the load torque
estimated in STEP2 for all possible voltage vectors.
STEP4: Determine the value of the cost function (15) for each
voltage vector.
STEPS: Select the voltage vector with the smallest value in
STEP4 as the best voltage vector. The controller yields
a gate-drive signal corresponding to the optimal output
voltage.

STEP3:

Ill. FINITE CONTROL SET MODEL PREDICTIVE CONTROL
WITH A VOLTAGE SMOOTHER

In FCS-MPC, the best voltage vector, which is selected from
a finite set of voltage vectors through optimization, is assigned
as the commanding voltage. Therefore, an abrupt change in the
output voltage occurs, resulting in a large current ripple, as
stated previously. To overcome this drawback, a finite set of
smoothed voltage vectors is introduced in the proposed strategy
as follows:

Vs (B) = Ky (k=1)+ (1=K v, (25)

vy (k) =PV, (26)

P co.s 0, sing, 27
—sinf, cosd,

The quantity va' = [vas', vgs']T is the dg-axis smoothed
voltage, and v4' = [vd, v,/]T represents the dq-axis voltage
transformed into the dg-plane of the voltage vectors depicted in
Fig. 2 using Park’s transformation (26) and (27). The integer i
corresponds to the vector numbers shown in Fig. 2. The
parameter K, is in the interval [0, 1) and allows for the
adjustment of the voltage smoothness, that is, the larger the K,

TABLE |

PARAMETERS FOR CALCULATING SMOOTHED VOLTAGES
. Vags' (N+1) Vags' (N12)
" v (D) Vi Vag (k-1) Vi
0 Vi (= PVo) Vags? (N+1) Vi (= PVy)
1 Vai' (=PV1) Vags' (N+1) Vai' (=PV1)
2 Vit (= PV2) Vags® (N+1) Vit (= PV2)
3 Ol“tp ut Vi (= PV3) Vag (N1 Vi (= PV3)
4 V(s)t;g;l.a : Vai' (= PV3) Vags” (N+1) Vi (= PVy)
5 Vai’ (= PVs) Vag® (N+1) Vai’ (= PVs)
6 Va, (= PVe) Vags® (N+1) Va (= PVg)
7 va, (= PV7) Vags” (N+1) va, (= PV7)
IVANIIAN

Voo V"

k k+1 k+2 k+3
— : The selected voltage vector at each time step
(a) FCS-MPC

Sy, 0 2y 0
[Vadgs™Vags Vags~Vags

a 7

iy 0 iy,
v, VgV,
4 1 Yads'"Vags dgs' Vs
W) 0=y, |7
Vags” [= Vags . Vags” (5 Vg
v, 6

dgs 3 \

o 5V, 0
Vg Vags

Vo by, 0
Vags Vs

k I+l k+2 k+3
: The original voltage vectors shown in Fig.2

(b) Proposed FCS-MPS with K, = 0.6

—>: The selected voltage vector at each time step

Fig. 6. Voltage candidates in dg-axis with we = 3000 rpm and 7s = 100
ps.

the more prominent is the smoothness. The smoothed voltages
at a certain time step are obtained from those at the previous
time step and the dg-axis voltage vq,’ based on (25), where the
parameters are listed in Table I. The future current and speed
are predicted using the smoothed voltage vq as the input
voltage for the PMSM model. Hence, the numerical models for
future current predictions (5) and (6) are rewritten as follows:

TL )
L) =[1-2R 0 o+ 2 o+ vy @8)
Ld Ll/ Ld
. TR). . TL, . Ty T
lq(k+1):[1— L ]zq(k)— qu ,(k)i,(k)— L a)@(k)+L—qvqs (k)

29)

The output voltage candidates with the smoothing process
are shown in Fig. 6, and they were compared with the
traditional FCS-MPC approach. For simplicity, the electrical
rotor speed w, was assumed to be constant at 3000 rpm. The
voltage candidates, which were converted from those in the
of-axis shown in Fig. 2, rotated in the dq-axis. As shown in Fig.
5, the proposed strategy reduced the amplitude while shifting
the center of the voltage candidates within the operating range.
Hence, abrupt changes in the output voltage were avoided.
Incidentally, the smaller the K, the closer the output voltage
candidates are to the conventional value, and this is exactly the
same as before when K|, is set to zero.

According to (25), the smoothed voltage candidates are
produced from the voltage vector vy by the low-pass filter
(LPF) action. Here, a larger K, may lead to an impaired
response in the output voltage and control performance. In this
study, this parameter was set such that the dynamic
performance remained at the same level as that of the
conventional method.
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First, (25) can be regarded as a Ist order LPF discretized
with sampling time 7, and the cutoff frequency is expressed as
follows:

1-K,

@ =

vs Ka]-;

The relationship between w.s and K, was obtained, as shown in

Fig. 7. Next, the conventional FCS—-MPC bandwidth was

obtained. In [20], the practical bandwidth based on the

Gaussian response was introduced to assess the dynamic

behavior of the FCS-MPC scheme and was obtained as
follows:

(30)

.34
@y = 27[%

r

(€2))

The parameter ¢, is the step response rise time between 10 and
90%. In this study, the conventional FCS—-MPC practical
bandwidth was determined to be 784 rad/s from the simulation
results shown in Fig. 7. Finally, parameter K, is selected to
satisfy wys > wppw. Therefore, it is expected that the control
system bandwidth with the smoothing process (25) is
maintained at the same level as that of the conventional strategy,
and thus, the upper limit of K, was set to 0.9. For reference
purposes, the simulation result for the proposed FCS-MPC
with K, = 0.9 is shown in Fig. 7.

The different steps pertaining to the proposed control scheme
are described below, and the control block diagram of direct
speed control based on FCS-MPC with voltage smoother is
shown in Fig. 8. The PWM modulator is integrated with the
control scheme to output the optimum smoothed voltage which
is not identical to the voltage vectors shown in Fig. 2 and
cannot be produced with a single switching state.

STEP1: Measure the machine currents iq(k) and iy(k), as well as
the rotor speed w,u(k).

STEP2: Predict the future states for the next sampling time
ia(k+1), ig(k+1), and w.(k+1) using the discrete models
expressed in (28), (29), (7), and (8) while estimating
the load torque 7(k) based on (20). This step is
executed to compensate for the discrete delay caused
by the computing process [35].

TABLE II
PARAMETERS FOR PMSM DRIVE SYSTEM
Electrical Machine: SPMSM

Stator resistance R 26.3 [Q]
Inductance L 47.4 [mH]
PM flux linkage 0.27 [Wb]
Pole pairs p 3
Inertia J (except for load machine) 6.5-107 [kg m?]
Friction D 1.0-1073 [kg m?/s]
Power 210 [W]
Rated speed 2000 [rpm]
Rated torque 1.0 [N m]
Rated AC current 0.8 [A]
Inverter and controller

DC link voltage Vdc 560 [V]
Sampling time T 100 [ps]
Carrier frequency f, 10/8/6/3.5[kHz]
Prediction and control horizon N, / N, 2/1
Weighting factorsa / b/ ¢ 1.0/5.0/1000.0
Current limitation /; 2.5[A]

STEP3: Calculate the smoothed voltages (25) at the next two
sampling instants [vegs'(k+1), vags (k+2)] for all eight
voltage vectors, as shown in Fig. 3.

STEP4: Predict the future currents [iz(k+2), i(k+3)], speed
states [wm(k+2), wn(k+3)] for all smoothed voltages
derived in STEP3 using the discrete models expressed
in (28), (29), (7), (8) and the load torque estimated in
STEP2.

STEPS: Determine the value of the cost function (15) for each
smoothed voltage vector.

STEP6: Select the smoothed voltage with the smallest value
among vy'(k+1) as the best smoothed voltage vy,".
Finally, the optimal voltage v4," is transformed into the
abc plane, vu., and the PWM generator produces the
gate drive signals while using vu. as the reference
voltage, as depicted in Fig. 8.

IV. EVALUATION

To investigate the performance, the proposed method was
tested both numerically and experimentally. The characteristics
of the drive system involving the PMSM are listed in Table II.
In addition, for the quantitative performance assessment, the
following criteria are introduced: (a) The overshoot for the
reference speed Aw o5, (b) the transient speed error after load
torque application Aw,, ¢ 1, (¢) the settling time for 2% tolerance
band t#y, and (d) the standard deviation of the dq-axis current at
the time between ¢; and £, o112

A. Simulation results

The proposed direct speed control algorithm based on FCS—
MPC with a voltage smoother was implemented in
MATLAB/Simulink. To compare its performance, speed
control based on the conventional FCS-MPC was evaluated
under the same simulation conditions. In the simulation, the
load machine inertia of 5.8-10* kg m?, which is unknown to the
controller, was modeled to simulate under the same
configuration as that used in the experiment.

Fig. 9 shows the simulation result of the proposed speed
control using FCS-MPC with a voltage smoother. The PWM
carrier frequency f. was set to 10 kHz, which is equal to the
control sampling, and the parameter K, in (25) was set to 0.3,
0.6, and 0.9. The reference speed was increased from 0 to 1000
rpm with constant acceleration and maintained at 1000 rpm.
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Fig. 9. Simulation results for speed-control-based proposed FCS-
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Fig. 11. Command voltage in d- and g-axes.
Load torque was not applied, except for the load machine
inertia. As the value of K, increased, the current ripples in the d-
and g-axes reduced effectively. In addition, the speed tracking
performance among the three parameter settings did not differ
significantly.

Fig. 10 shows a performance comparison between the

conventional and proposed FCS-MPC. In the proposed method,

fo and K, were set to 10 kHz and 0.9, respectively. In the
conventional FCS—MPC, the measured speed is the same as the
reference speed with a fast response. However, a large ripple
occurs in the d- and g-axis currents. Conversely, in the
proposed method, the current ripple in the d- and q-axes was
effectively reduced while fast dynamics was achieved in speed
control. The overshoot and settling time were increased
compared to those of the conventional method, although not
significantly. In Fig. 11, the command voltage during the
simulation shown in Fig. 10 is presented. For comparison, the
optimum voltage vector selected in the conventional FCS—
MPC scheme was transformed to the dq-axis and presented. In
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Fig. 12. Simulation results for speed control: comparison with
conventional FCS—-MPC under load torque change (left: conventional
FCS-MPC; right: proposed FCS-MPC with K, = 0.9 and f.= 10 kHz).
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Fig. 13. Voltage candidates and selected voltages in proposed FCS—
MPC with K, = 0.9 (left: during acceleration in Fig.10; middle: during
transition to constant speed in Fig.10; right: after applying load torque
in Fig.12).

the proposed method, the variation in the command voltage
between sampling times was suppressed significantly owing to
the smoother voltage compared with the conventional FCS—
MPC. Therefore, an abrupt change in the output voltage was
avoided, and low current ripple was achieved.

Fig. 12 presents the simulation results of speed control under
a load torque change. In the simulation, a load torque of 0.8 Nm
was applied at 0.1 s. Similar to the simulation result shown in
Fig. 10, the current ripple in the d- and g-axes reduced
significantly when the proposed method was used. Moreover,
the measured speed reflected the reference target even when a
load torque change occurred. Moreover, the transient speed
error was large compared to the proposed strategy; however,
the deviation was caused by its original speed ripple as well as
the load torque application.

Fig. 13 shows the smoothed voltage candidates produced by
the equation (25) and the selected voltages vy4," in the proposed
method. As a reference, the optimum solution, which is
obtained through an exhaustive search with the resolution of
0.5 V, is depicted. The voltage candidates are generated to
cover the location of the optimum solution, and the selected
voltages vq,", which is determined by a simple optimization
procedure based on FCS-MPC, are consistent with the optimal
value, except for a small quantization error.

Fig. 14 shows the simulation results for the performance
comparison of parameter variations in the conventional FCS—
MPC. In this simulation, to assess the performance when the
calculation cost was increased, the parameter settings of the
predicted horizon N,, control horizon N., and sampling time 7
in the conventional FCS—MPC were replaced with the values
listed in Table III. For the conventional FCS—-MPC, the current
ripple in the d- and g-axes can be reduced by reducing the



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

1100 1100 1100

Aw,, =17 rpm Aw,, =7 rpm Aw,, ,,=29 rpm
1000 e P pos” /P o =20 TP
" L0004s £,=0.000s |1, ~0.004 5
0025_005_0075_0.1 0025_005_0.075_04 0025_005_0.075_04
1400
E 1000
= 00 00 00
T 600 .
8 / 50 50 s
200 O 171 H CH
& f OZ \ E \ | [ \
200 o] 4 0] o | o | ool il
2
iv 1
5 o MNERPONMORIIN  MRRE
£ AR M (et
O 70.15,037=0-107 1015,03,=0-143 10.15,03=0.025
-2
. [
< 2
= h
= 1
1<
2 o P
5 Y .
O 1 00.,15,030-199 R 010,15,0370-179 910,15,03=0-037
2 I I I I I
0 0.1 02 030 0.1 02 030 0.1 02 03
Time [s] Time [s] Time [s]

Fig. 14. Performance comparison of parameter variations in
conventional FCS—-MPC (left: FCS-MPC with N,=2, N.=1, and Ts=50
us; middle: FCS-MPC with N, = 3, N. = 1, and T; = 50 ps; right:
proposed FCS-MPC with K, =0.9, N,=2, N.=1, T,=100 pus and f.= 10
kHz).
TABLE I
COMPARISON OF COMPUTATIONAL COSTS

Computational cost per 100us
Method Ts/ Np ! Ne Number of L .
. . Execution time ratio
iterations
C tional 100 ps/2/1 17 1.00
onventiona 50us/2/1 34 2.07
FCS-MPC
S0ps/3/1 50 2.94
Proposed 100 ps /2/1 17 1.06
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Fig. 15. Simulation results for speed control up to the rated speed with

proposed FCS-MPC (K, = 0.9, .= 10 kHz).
sampling time and increasing the predicted horizon; however,
the suppression level is limited. In addition, the execution time
ratio, which is derived from the average run time when the C
language function is called 5 x 10° times on an Intel Core i5 2.4
GHz dual core machine, are listed in Table III. According to the
results, the computational burdens increased depending on the
number of iterations to calculate the future states using the
discrete models, as previously discussed. Conversely, in the
proposed FCS-MPC, the current ripple can be effectively
reduced while maintaining the execution time at the same level
as the standard FCS—MPC with 7,=100us and N,=2. Based on
these results, it can be inferred that the proposed method is
effective for driving an electric motor with high dynamics
while reducing the current ripple and maintaining the
computing cost.

Fig. 15 shows the simulation results for speed control based
on the proposed FCS—MPC in the rated speed range of 2000
rpm. The measured speed follows the reference target with
good tracking performance at all speeds.

Fig. 16 shows the simulated waveforms in speed control
with parameter setting variation. For comparison, the
performance of a deadbeat speed control (DBSC), another

1100

LOR| 02K, ([1OR| 50K, LOL| 1SL 0Ly 05L LW 18w 0¥ 05
1050

1000

[— - —
950 Measured [=—Measured [=—=Measured

——Reference ——Reference ——Reference

Speed [rpm]

900
3

Current [A]
[N NS

—Ig —q —Ig ‘

—d —id —id

01 02 03 04 05 06 0701 02 03 04 05 06 0701 02 03 04 05 06 07
Time [s] Time [s]

(@) Proposed FCS-MPC with K, = 0.9 and .= 10 kHz

Time [s]

1100
LOR,| O02R, [10R; SOR, LOL|  LSL 10L) 03L W) 15Y (L0¥, 0¥

1050

1000

Speed [rpm]

——Measured | ——Measured |
——Reference ——Reference

—Measured |
——Reference

950

900
3

—lq | —lq | —Ilq |
—u | —ud_| —u_|

Current [A]
B Ao oan

01 02 03 04 05 06 0701 02 03 04 05 06 0701 02 03 04 05 06 07
Time [s] Time [s]

(b) Deadbeat predictive speed control

Time [s]

Fig. 16. Simulation results for speed control under parameter variation
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Fig. 17. Test bench constructed for experiments.
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predictive control strategy with a modulator, was assessed.
More specifically, in the deadbeat-based method, the desired
voltage to reach the target speed at the next time step is
obtained by a model inverse solution based on (5) to (8), and
the output voltage is produced using a PWM modulator. As
shown in the results, in the proposed strategy, the parameter
mismatch has a small effect on the speed tracking performance.
Conversely, in DBSC, the parameter error leads to a
destabilization in the speed tracking. It can be said that the
proposed method has an advantage for its robustness under the
parameter mismatch compared to a deadbeat-based strategy.

B. Experimental results

The performance of the proposed method was assessed using
a test rig, as shown in Fig. 17. The control software was
implemented on a dSPACE DS1104 real-time system with a
250 MHz microprocessor, and the rotor angular position was
measured using an encoder. The load torque was produced by a
load machine connected to the SPMSM. In addition, the load
machine inertia is unknown to the controller.

Fig. 18 shows the experimental results of the speed control
using the FCS—MPC with a voltage smoother. Parameters f. and
K. were set as the same as those in the simulation presented in
Fig. 9. Similarly, the current ripples in the d- and g-axes
reduced effectively as K, increased. In addition, the phase
current spectrums under load torque application are presented
in Fig. 19.

Figs. 20 and 21 show the performance comparisons between
the conventional and proposed FCS-MPC. The parameter
settings and load torque corresponded with those from the
simulation results presented in Figs. 10 and 12, respectively.
Compared with the conventional approach, the current ripples
from the proposed method were less. Moreover, as shown in
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Fig. 18. Experimental results for speed-control-based proposed FCS—
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Fig. 20. Experimental results for speed control: comparison with
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Fig. 21. Experimental results for speed control: comparison with
conventional FCS—MPC under load torque change (left: conventional
FCS—MPC; right: proposed FCS-MPC with K, = 0.9 and f,= 10 kHz).

Fig. 20, the overshoot and settling time were increased
compared to those of the conventional method, although not
significantly. In Fig. 21, the transient error and settling time of
the conventional FCS—MPC were increased compared to those
of the proposed method. However, as in the simulation shown

1100 1100 1100

Aw,, =35 rpm 1os=37 TPM Aw,, =37 rpm
Wi o[ Al i
00315, ']z‘, 0.033s 11700375
00%5_005_0075 0. 0025 005 0075 o1 0025 005 007501
1400
£ 1000
= 0 00 00
T 600
3 50 50 50
& 200 [—Measured i ‘ i ‘
200 ° o[ ooi——Reference ®o1 ool | aui 0,08 |
2
5 |
5 o M e
£
S 4 ]
T10.15.0 3120,(]91 910,15, 0. 31:04 1 05 T10.15.0. 11:0»}54
» | | I [
3
< 2 B . |
= 10.15,030-132 \P N 070,15,0370-168 To.15, 0370.253
;
9]
E o vw
5
O 4 HEEE s | T
2 P S S I S S S I T I
0 0.1 02 030 01 02 030 0.1 02 03
Time [s] Time [s] Time [s]

Fig. 22. Experimental results for speed-control-based proposed FCS—
MPC with K, = 0.9 (left: f,=8 kHZ' middle: f,= 6 kHz; right: f.= 3.5 kHz).
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in Fig. 12, these increases were caused by the original speed
ripple as well as the load torque.

Fig. 22 shows the experimental results of the carrier
frequency variations obtained using the proposed method. In
addition, the phase current spectrums are presented in Fig. 23.
Although the current ripples in the d- and g-axes increased as
the carrier frequency decreased because of the low number of
switching, they remained within the permissible range even
when the carrier frequency decreased to a level slightly higher
than that of the conventional method presented in Fig. 24. It can
be said that the proposed method maintains its performance in
current ripple suppression while decreasing the switching
frequency to the same level as the conventional FCS—MPC. In
addition, as shown in the phase current spectrum depict in Fig.
25, differences can be seen in the relatively low frequency
components compared to the proposed strategy.

V. CONCLUSION

In this study, direct speed control based on FCS—-MPC with a
voltage smoother was presented and applied to a PMSM drive
system. The main idea of the proposed strategy is to smooth
voltage vector candidates for future current and speed
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predictions, as well as to output the optimal smoothed voltage
determined using the FCS-MPC scheme.

The simulations and experiments showed that compared with
the traditional approach, the proposed method demonstrated
favorable servo performance during acceleration as well as in
the presence of a load torque change while reducing the current
ripples. In addition, the switching frequency can be adjusted by
setting the carrier frequency of the pulse-width modulator and
reducing it to a slightly higher level than that of the
conventional method. To implement the proposed strategy,
high additional computational costs are not incurred, and the
concept can be implemented on general microprocessors and
DSPs other than high-performance processors, such as FPGAs.
Owing to its flexibility and simplicity, the proposed concept
can be extended to other control types for electric machines,
such as current control and angular position control, as well as
to other power electronics applications.
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