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Low-Complexity Deadbeat Model Predictive Current
Control With Duty Ratio for Five-Phase
PMSM Dirives

Mahmoud S. R. Saeed, Wensheng Song

Abstract—Model predictive control (MPC) is considered as a
promising control strategy for power electronic converters and
drive systems due to its merits of simplicity, fast-dynamic re-
sponse, and multi-variable control flexibility. However, the variable
switching frequency and the large computational burden represent
serious problems for applying MPC in high-power multi-phase con-
verters and drive systems. This article introduces a low-complexity
model predictive current control (MPCC) for five-phase permanent
magnet synchronous machine (PMSM) with constant switching
frequency based on the deadbeat (DB) principles. To avoid the full
enumeration process, the proposed method calculates the reference
voltage vector using the DB technique, considering one-step delay
compensation. The information of the reference voltage is used
to select the best approximation for the reference voltage from
the enhanced control set with virtual voltage vectors (V3), which
eliminate the third-harmonic phase voltage and phase current
components. Moreover, the optimal duty ratio is calculated to fit
the selected voltage vector on the reference voltage vector. The
proposed control strategy is compared with three existing MPC
techniques. The effectiveness of the proposed MPCC strategy is
validated using MATLAB simulation and hardware-in-the-loop
results.

Index Terms—Deadbeat (DB) control, five-phase permanent
magnet synchronous machine (PMSM), model predictive current
control (MPCC), optimal duty ratio.

1. INTRODUCTION

ECENTLY, multi-phase permanent magnet synchronous
machines (PMSMs) have replaced the conventional three-
phase ones in many applications due to their high reliability,
reduced power per phase, and low torque ripples [1], [2]. Among
the multiphase PMSMs, the five-phase PMSMs have attracted
the attention and have been widely used in the drive systems
over the recent years [3]-[5].
Model predictive control (MPC) is a control technique, which
has been widely applied on power electronic converters and
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drive systems [6]-[9]. The basic principle of MPC is based
on using the system model to predict the behavior of the
controlled parameters in the future. The controller uses this
information to select the optimal actuator state based on a
predefined optimization criterion. Compared with conventional
linear control techniques, MPC has many advantages such as
simple principles, fast response, and being applicable on multi-
variable and nonlinear systems [10], [11]. MPC can be classified
into two main categories: continuous control set (CCS) MPC
[12] and finite control set (FCS) MPC [13], [14]. CCS-MPC
requires a suitable modulation technique in the control system.
The FCS-MPC considers only a finite number of output states
of the adopted converter, which is usually reported and used
because of the elimination of the modulator and its robustness.

A salient drawback of the FCS-MPC is that it requires high
sampling frequency to guarantee accurate tracking of the con-
trolled variables, which represents high computational burden
on the controller hardware. Hence, high-cost controllers are
required to implement FCS-MPC in the industry. In addition,
the FCS-MPC applies the optimal state of the system according
to a specific cost function. Hence, it may lead to producing
nonmodulated switching pulses, which have variable switching
frequency. Therefore, large inductor and capacitor filters are
required to remove the current and voltage harmonics [15].
Multistep MPC techniques are considered as a low power loss
solution with high harmonics in MPC. However, increasing
the prediction horizon will lead to high computational burden.
Sphere decoding optimization algorithm has been utilized to
reduce the computational burden of long-horizon MPC in [16]
and [17].

For the variable switching frequency problem, many litera-
tures have proposed MPC with constant switching frequency.
Modulated model predictive control (M2PC) techniques have
been proposed to combine the advantages of MPC with main-
taining constant switching frequency and improved steady-state
performance [18]-[21]. However, M2PC has high computa-
tional burden due to the enumeration process of the available
voltage vectors with additional modulation algorithms. Constant
switching frequency MPC with optimal switching sequence has
been proposed in [22]. However, this technique is limited to
single-phase converters. MPC with virtual voltage vectors (V3)
has been proposed for three-phase PMSM drives in [23]. These
virtual vectors can be generated using a modulation stage, which
assures constant switching frequency operation. Adding more
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V3 can enhance the quality of the voltage and current waveforms.
However, an increased number of virtual vectors means heavy
computational burden. Another FCS-model predictive current
control (MPCC) with virtual vectors (FCS-MPCC-V3) has been
proposed for five-phase PMSM drive in [24], and for dual three-
phase machines in [25]. The FCS-MPCC-V3 uses 12 voltage
vectors; 2 zero vector and 10 optimized V3 in order to eliminate
the third harmonic voltage components, which reduce the third
harmonics of phase currents. This method is modified by ap-
plying the virtual voltage with optimal duty ratio and applying
a zero-vector for the remaining part of the sampling period in
(FCS-MPCC-V3-DRO) [26]. Although the number of virtual
vectors is relatively reduced compared with the conventional
MPCC, a complete enumeration for testing all voltage vectors
is still required. Thus, the computational burden is still high.

Regarding to the complexity problem, several solutions have
been proposed to reduce the computational burden. In [27],
the optimal voltage vector is selected in one subspace accord-
ing to the sector information of the reference voltage vector.
This method is modified to select two vectors every control
interval in [28] and [29], three vector-based methods [30], and
generalized multiple-vector methods in [31] and [32]. In these
schemes, the reference voltage vector is calculated according
to the deadbeat (DB) control principles. Another DB solution
applied for model predictive torque control (MPTC) of PMSM
drive has been proposed in [33]. A simplified high-quality MPTC
with separate torque and flux cost functions has been proposed
in [34]. Reduced complexity MPC for multilevel inverters is
introduced in [35], which reduces the number of tested voltage
vectors during every control interval using the adjacent vector
principle. However, these low-complexity methods have been
only applied on the three-phase PMSM drive system, and they
have not been designed to consider the specifications of multi-
phase PMSMs. Multiple-vector-based FCS-MPC with constant
switching frequency has been proposed for five-phase drives
[36] and six-phase drives [37]. Low-complexity MPTC with
the quadratic evaluation method has been applied on five-phase
PMSMs [38]. This method needs to evaluate 10 vectors from
the 30 available voltage vectors. For further reduction in the
computational burden, [39] has introduced a new FCS-MPTC
with torque and stator flux hysteresis comparators. With the aid
of these comparators and a predefined lookup table, this method
selects two voltage vectors to be explored every control interval
with a simplified cost function. Thus, the computational burden
is significantly reduced. However, this method still needs to
examine two vectors during every control interval. Therefore,
the computational burden reduction in five-phase PMSM drives
is still a popular issue.

In this article, a DB solution with optimal duty ratio for MPCC
of five-phase PMSM is introduced to further decrease the com-
putational burden. The proposed method removes the difficulty
in applying explicit voltage vector selection in two different
planes, /-1 plane and a3-33 plane, in five-phase PMSM with
the aid of V3 principles [24]. This technique calculates the ref-
erence voltage vector and selects the best approximation for the
fundamental reference voltage from ten optimal V3 to be applied
in the next sampling interval, since the a3-33 components are
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Fig. 1. Five-phase PMSM drive system using 2L-VSIL.

Fig. 2.
(b) aus-3 3 subspace.

Real voltage vectors of five-phase 2L-VSI in (a) ;-3 ; subspace, and

set to zero. This way, the proposed scheme selects the optimal
voltage vector directly without the exploration process. Then,
the duty ratio of the selected vector is calculated to reduce the
error between the reference voltage vector and the selected V3.
For further verification of the proposed scheme potentials, the
performance of the proposed method is compared with three
existing MPC techniques applied on five-phase PMSM drives;
namely FCS-MPCC-V3 [24], FCS-MPCC-V3-DRO [26], and
hysteresis MPTC [39] using MATLAB/Simulink modeling tool
and the hardware-in-the-loop (HIL) tests. Section II illustrates
the standard model of the five-phase PMSM drive system.
Section III gives a review on the conventional FCS-MPC
techniques. The proposed algorithm principles are explained
in Section IV. Simulation and HIL results are analyzed in
Sections V and VI, respectively. Finally, Section VII summarizes
the conclusion.

II. FIVE-PHASE PMSM DRIVE SYSTEM MODELING

The five-phase PMSM drive system with two levels (2L)
voltage source inverter (VSI) is shown in Fig. 1. The total number
of the available switching states in the five-phase 2L-VSI is
(2° = 32), including two zero vectors and 30 active voltage
vectors, as shown in Fig. 2. The mathematical model of this
system can be described as follows.

The stator voltage vector components Vy; and V1, and the
stator flux vector components 41, 141 of the PMSM in d;-q;
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reference frame can be described as

Var = Rgiqr + ‘w‘“ — wWeq1
Vo1 = Rgigr + dw‘” + wethar
a1 = Laiq1 + wm

Yq1 = Lgiq1-

(D

The d3-¢3 stator voltage vector components V3, V3 and the
d3-g3 stator flux vector components 143, 143 are given by

Vaz = Rgigz + dw“ — 3wey3

Vgz = Rsigs + %3 + 3wethas @)
Va3 = Lgias

qu = leiqB

where R, is the stator resistance, L is the stator leakage
inductance, 1, is the PM flux linkage, w, is the rotor electrical
speed, and ¢41, %41, 43, and ¢43 are the stator d ;-g y axes and d 3-q 5
axes currents, respectively. Ly and L, are the stator dg-axes
inductances. The state-space model of the five-phase PMSM
can be described as follows:

di R, : , v,
g = —ldl + Welgr +

diql _ _ R, _ . Vql _ Pm

at = "L gl ~ Weldl + L We 3)
di R, v

o= I ~ia3 + 3welqs + T2

digs R,

= g — Bweias + 72

The mechanical dynamic equations of the five-phase PMSM
can be described as follows:

dwe B P
=By +5(T, - T)
{d‘éi_ A @

iwe

dt

where 6, is the rotor electrical position, B is the friction coeffi-
cient, J is the moment of inertia, p is the number of pole pairs, 7;
is the load torque, and 7T, is the developed torque. The developed
torque in PMSM is the resultant of two components; namely the
electromagnetic torque (7¢y,) and the reluctance torque (7o)
as described as follows:

5
=P (Ld — Lq) id’iq. (5)

Te = Tem + Trel = D)

5 .
5]7 1pmzq +

In this article, the control of surface mounted PMSM
(SPMSM) is studied, which has negligible reluctance torque
(Lq = Ly = L). Therefore, the torque equation is modified as
follows:

5 .
Te = Tem - §p '(/)mzq- (6)
III. CONVENTIONAL MPC METHODS
A. Conventional FCS-MPC Techniques

According to the state-space model of the PMSM, the dg-axes
currents in the next step can be predicted from the measured
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values using Euler approximation as follows:
. RS ; - Ty, k
Zd1k+1 = (1 — ) Zdlk + Ty we” quk + Tle
C k1 Rs ko Toys kK
g1 1= (1 — 7T ) qu — T wrkig* + =Va
—p Tt
igsh (1——T)zd3 + 37T, wek g + L= Vis*
Skl ; T, sk
igs™ T ( )qu — 3T wekigsh + 75 Va3

(N

where T is the sampling interval. In the conventional MPC
algorithms, the predicted stator currents, corresponding to the
available switching states, are compared with their reference
values to select the optimal state. The optimal switching state
is applied in the next sampling interval. The dI-q1-d3-q3-zero
voltage vectors matrix, [lek Vqlk Visk ngk Vok 17, can be
calculated from axes transformation of the output phase voltages
of the five-phase inverter as follows:

Var* 4 -1 -1 -1 -1 S,k
V" -1 4 -1 -1 -1 Sp*
Vs :évdcrc -1 -1 4 -1 —-1|x]|8k
Vq3k -1 -1 -1 4 -1 S,k
Vok -1 -1 -1 -1 4 Sk
(3)
where S,* is the switching function of phase

xz(x € {a,b,c,d,e}). T is the coordinate transformation
matrix, which transfer the five-phases (a-b-c-d-e) coordinates
to (d1-ql-d3-q3-zero) coordinates, and it can be formulated as
follows:

cos(f.) sin(f.) 0 0 0O

—sin(f.) cos(f.) 0 0 O

I.=C,/ xT = 0 0 100

0 0 010

0 0 001

1 cos(a) cos(2a) cos(3a) cos(4a) |

9| O sin(a) sin(2a) sin(3a) sin(4a)
x= | 1 cos(3a) cos(6a) cos(9a) cos(12ar) 9)

51 o sin(3a) sin(6a) sin(9«a) sin(12«)

0.5 0.5 0.5 0.5 0.5

where o = %” This matrix consists of two conversion ma-
trices; The matrix C /,. transforms the sine winding five-phase
PMSM model in the (a/-51-a3-3-zero) stationary coordinates
to (d1-ql-d3-q3-zero) synchronous rotating coordinates, while
the matrix I transforms from (a-b-c-d-e) coordinates to (a/-31-
a3-33-zero) coordinates.

It is well known that the conventional FCS-MPC performs
large number of calculations during every sampling interval,
which may delay the applied switching state to the next sampling
interval. Therefore, a compensation for this delay is important
so that the controller does not loss the reference tracking.
The compensation is done by calculating the stator currents at
(k+2)th sampling instant from the predicted (k+1)th values by
modifying (7), assuming constant speed during one sampling
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interval.
C k42 R, - k41 k. k+1l | VgFt?
1d1 = (1 - L Ts) 1d1 + + Tswe 1q1 + + dlL Ts
- k42 R, - k41 k; k+1
g1 T2 = (1 — Ts) Iq1 T TowF g *T
S P k
+ qL Ts - in Ts We
© k42 R, © k41 ki k+1 | Vaz®t?
1d3 = T I 1d3 * +3Tswe 143 + + dL351 Ts
) R. k1 ki k+l | Vg™
143 2 = 1-— Lo Ts 243 1 STS(AJG 1d3 + + qLTTS.

(10)

There are three types of conventional FCS-MPC, which are
applied on this system namely; FCS-MPC11 [40], which uses
the zero-vector and 10 active vectors (blue trajectory in Fig. 2),
FCS-MPC21 [41], which uses the zero vectors in addition to 20
active vectors (blue + green trajectory in Fig. 2), in addition to
FCS-MPC31, which uses all the available real voltage vectors.
The difference between these methods is the number of available
switching states and voltage vectors. Larger number of voltage
vectors gives higher degree of freedom to the controller to select
the best voltage vector. However, greater number of voltage
vectors means increased number of calculation processes during
the sampling interval and increased computational burden on the
controller.

In these methods the optimal voltage vector is selected ac-
cording to a predefined cost function. The cost function, in this
case, is formulated in order to minimize the error between the
reference and the predicted currents at the (k+2)th sampling
interval, as follows:

2 2
- k42 - k42 s k42 - k42
Gi=lin —iq T ’ + |t —lq1 * ’
o k42 c k42 2 o k42 . k42 2
+ |ig3 — 143 ‘ + |lg3 — 143 ‘ (11)

where the superscription (x) represents the reference value.

B. FCS-MPCC With Virtual Voltage Vectors (FCS-MPCC-V3).

It has been noticed in [24], that the aligned large (blue) and
medium (green) voltage vectors are in opposite directions on
the as-fB5 plane, and they have different amplitudes. Hence,
the ds-gs voltage and current components (third harmonics)
can be minimized by modulating the aligned large and medium
voltage vectors and adapting their amplitudes. The adaption of
the amplitudes of these vectors can be done by the modulation
of the aligned large and medium vectors with optimal dwell
times during each sampling interval. It has been found that the
optimal dwell times for the large and medium vectors are 0.618
and 0.382, respectively, and the standard way to modulate both
vectors is illustrated in Fig. 3(a).

The resulting voltage vectors are ten optimal V3, as shown
in the a;-8; and a3-3 3 planes of Fig. 3(b). It is clear that the
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nique. (b) Resultant V3 trajectory.

Optimal V3 generation in five-phase 2L-VSI. (a) Modulation tech-

resultant V3 have minimized third harmonic component. FCS-
MPCC-V3 presents better performance than the conventional
FCS-MPC with reduced number of calculations during each
sampling interval, since there are only 11 vectors (11 feasible
vectors in the optimization process).

For further performance improvement, an enhanced FCS-
MPC considering a duty ratio optimization (FCS-MPCC-V3-
DRO) has been applied on VSI with RL load in [26]. This
algorithm optimizes the time duration of the optimal V3 in order
to minimize the error between the reference and the predicted
fundamental currents using (12), as shown at the bottom of this
page. This optimization results in significant reduction in the
current harmonics and the torque ripples, however, the calcula-
tion of the optimal time duration (¢,p) adds more complexity
to the algorithm.

All the previous FCS-MPC methods incur high computational
burden because they involve the exploration process for all
the available voltage vectors in the control set. Therefore, the
computational burden still needs to be reduced.

C. Low-Complexity Hysteresis MPTC

The basic principle of this method is the same as the con-
ventional FCS-MPTC, which uses the electromagnetic torque
and the stator flux as the control variables. Only two vectors are
selected from the control-set to be tested every control interval.
Furthermore, the cost function is significantly simplified to
include only two parts without weighting factors.

Vija 2 ity + Vi t? 121} (RsTs + L) — L [Vija 2 ia1 1 + Vi 2 ig M

loptj =

[(Vega™*2) + (Vigs* )]

12)
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Fig. 4.  Sector definition of the virtual vectors in the complex plane.

The general procedure of this method is summarized with the
following steps [39].

Step 1: The torque and the stator flux linkage are estimated,
considering one step delay compensation, using the following
equations:

5 .
Jﬁ*lzgpwmuﬁ+l (13)

by = \/[L id1k+1+¢m]2+ L Z-qlk+1]2
¢53k+1 = \/[Llsid3k+l]2 + [Llsiq3k+1]2~

Step 2: Two hysteresis comparators are used to indicate the
required trends on the electromagnetic torque and the stator flux
to track their reference values. The outputs of the hysteresis
controllers (Hr., Hy) are described as follows:

(14)

oo [T neT s
7l -1 LT

1 g <t
g, = [ e <en 6

-1 g >v5

where T and ¢}, are the reference electromagnetic torque and
the fundamental reference stator flux, respectively.

Step 3: The outputs of the hysteresis comparators are used to
select the suitable voltage vectors, which result in the required
trends of the electromagnetic torque and the stator flux. Accord-
ing to these trends, the control plane of the fundamental stator
flux linkage is divided into ten sectors, the same as in Fig. 4.
From the analysis discussed in [39], only two virtual vectors
produce similar effects on the torque and the stator flux trends,
as listed in the lookup Table I. These two vectors are defined
from the outputs of the hysteresis comparators and the sector
number.

The sector number is defined from the angle of the fundamen-
tal stator flux vector as follows:

LY * T 4+ 1/10

S,, = floor 75

+ 1. 17)
Step 4. For the selected two vectors, the optimal duration time

is calculated in order to minimize the error between the predicted
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TABLE I
BEST VOLTAGE VECTORS LOOKUP TABLE FOR HYSTERESIS MPTC

Sector Number
1 2 3 4 5 6 7 8 9 10

VVZ VV3 Vv4 VvS Vvé Vv7 Vvs Vv9 Vle Vvl
V‘I73 Vv4 Vvs Vv6 Vv7 Vvs Vu9 Vle Vvl sz
va Vvlo Vul sz Vv3 Vv4 Vvs Vvs Vv7 VvB
Vvlo Vvl sz Vv3 Vv4 Vvs Vuﬁ VW Vvs Vv9

Vv4 VvS Vvé Vv7 Vv8 Vv9 Vle Vvl sz Vv3
VVS Vvs Vv7 Vv& Vv9 V’V]O Vvl Vv2 Vv3 Vv4
V‘I77 VVB Vv9 va Vvl VvZ Vu3 Vv4 VUS Vvs
Vva Vv9 Vvl 0 Vvl sz Vv3 Vv4 Vvs Vvé Vv7

and the reference torques at the (k+2)th instant
T — Tek+2

=T7 — (T.F + 0rvirtopt + 070 (Ts — topt)) — zero  (18)
where 07y, 70 are the torque variations due to applying the
virtual vector and the zero-vector, respectively. The effect of the
stator voltage on the electromagnetic torque can be described as
follows:

dT, 5P . .
— 7 = ﬂ (Vql—Rsqudeweldlfwmwef

5
r 2L,

19)

If (18) is reformulated, the optimal time duration for the
virtual vector can be calculated using the following formula:

T — T.% — 67T,

€

(20)

topt =

OTwir — 070

Step 5: The optimal V3 is selected to be applied in the next
sampling interval from the best two vectors according to the
following simplified cost function:

, 2
Gi = [ 4| + Fu @D
where the fundamental flux linkage (151 "72) is predicted at the
(k+2)th sampling interval as follows:

¢Slk+2 _ \/[L id1k+2+7/1m}2+ [L iq1k+2]2.

F,, is the overcurrent protection cost function, which is given
as follows:

(22)

infif Jis] > imax

Fr, = (23)

Zero Zf |Zb| < Z.max-

where |is| = \/ig> +iq12.

The block diagram of the hysteresis MPTC strategy is shown
in Fig. 5. It is clear that this algorithm has low complex-
ity because its exploration process is reduced to include only
two vectors. However, the proposed algorithm minimizes the
computational burden by cancelling the exploration process, as
explained in the following section.
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Fig. 5. Block diagram of the low-complexity hysteresis MPTC.

IV. ProPOSED DB MPCC
A. Reference Voltage Calculation

There are two different conventional methods for direct ref-
erence voltage calculation. The first method is based on PI
current controller with carrier-based pulsewidth modulation (PI-
CBPWM). This method has the advantage of less sensitivity
to the model parameters and improved steady-state parameters.
However, it suffers from slightly higher computational burden
and difficult tuning of the controller parameters. In addition, the
dynamic response of the PI controller is generally slow [11]. The
second calculation method is based on the DB principles, which
is much simpler and considers the system nonlinearity. There-
fore, the proposed algorithm estimates the reference voltage
vector using the DB control principles. Like the previous MPC
algorithm, one-step digital delay compensation is considered
in this method, as given in (7). From (10), the (d1-g1-d3-¢3)
voltages are given as follows:
k2o ket

7 1 . .
Vd1k+1 = [ + Zd1k+1Rs — wequ1k+1L
C k42
‘/qlk+1 — qul

k41
—1q1 - k41
- 1. = + 191 + RS
+Wekid1k+lL + 1/meek
k+1 igalt2—igght! © k41 k; k41
Vaz" " = Lg% 44— + g3 Rs — 3we g3 Lis

k41 igs”
‘/:13+ :Llsq3

+2_; Jk+1 . .
T:(ZS + ZqSk—i_le + 3w8k2d3k+1Lls-
(24)

If the predicted currents at the (k+2)th instant is replaced with
reference currents, the reference voltages are given as follows:
" i —igy P . .
Vi =L —“— 7?: +ig "R, — wekqukHL
it g kL ) .
q*l = L% + qukJrle + wekzdlk+1L + wmwek
. - k1
* %3 —ia3 S| k; k41
Vd3 = LlsddT +Zd3 + RS — 30Je 143 + Lls
- s k41
_ g3~ a3 k1l ki o k+1l
q*g - Lls% + 143 + Rs + 3We 143 + Lls'
(25)

The reference voltage vectors can be calculated by coordi-
nates conversion from the rotating coordinates (d;-q1-d3-q3-
zero) V14143430 to stationary coordinates (o1-31-a3-33-zero)
Vaisia3gso as follows:

Va1s1a3830 = C;}T X Viiq1d3q30 (26)
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Fig. 6. Vector representation of the optimal voltage vector for DB and MPC
controllers.

Vii=Vo +iVa @7)
Vs =Vas + Vs

B. Optimal Voltage Vector Selection

The difference between the conventional DB controller and
MPC is the modulated voltage vector, as shown in Fig. 6.
The conventional DB controller uses the calculated reference
voltage vector, regardless of the switching effort, to eliminate
the tracking error in the next sampling interval. On the other
hand, MPC algorithms select the best approximation for the
reference voltage vector from the available control set according
to the required constraints [42]. FCS-MPC without constraints
is considered as a quantized DB control. Compared with MPC,
the DB controller exhibits low complexity and improved the
steady-state performance. However, the FCS-MPC shows faster
dynamic response and less sensitivity to parameters mismatches
and measurements noise [43], [44].

The proposed algorithm is a combination between the DB
controller and MPC. While the reference voltage vector calcu-
lation is done based on the DB principles, the modulated voltage
vector is the same vector that selected by the FCS-MPC from
the control set. The control set, in this case, is the ten enhanced
V3 in order to eliminate the third harmonic components. The
selected voltage vector should represent the best approximation
of the reference voltage. Since the amplitudes of all ten V3 in
the avg-/3 3 plane are approximately zero, all vectors exhibit the
same effect in the a3-3 3 plane. Thus, the optimal voltage vector
is selected according to the fundamental reference voltage V"

The «;-B; plane is divided into ten sectors; each sector
contains one optimal voltage vector, as indicated in Fig. 4. The
selection of the optimal voltage vector depends on the location of
the fundamental reference voltage vector V;*. The sector number
of the fundamental reference voltage can be defined using the
angle of the fundamental reference voltage vector, as shown in
the following:

4‘/1—|—7r/10> 4 1. (28)

S,, = floor < 75

C. Optimal Duration Time Calculation

Equation (28) defines the reference voltage sector from 1 to
10. The selected optimal V3 is applied for the optimal duration
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Fig. 7. Modulation processes. (a) Reduced switching frequency modulation.
(b) Constant switching frequency modulation.

time, and the zero-vector is applied for the remaining part of
the sampling interval. The optimal duration time is calculated in
order to minimize the error between the reference voltage vectors
(V7, V") and the selected optimal voltage vectors (Viops, Vaopt)
as follows:

topt = min G

opt

2 2
* to . to
G = <v1 — vlopt]zt> + <V3 - vgoptzzt> . (30)

(29)

The cost function G, in this case, represents the error between
the reference voltage vector and the selected optimal voltage
vector. To calculate ¢, that minimizes G, the first derivative
of G with respect to ¢, should equal zero. This yields to the
following expression of £

(Vi © Viopt) + (V5 © Vaopt)

topt = x T,
o |V10pt|2 + |V30pt|2 ’

€2y

where ® means the dot product operator of the two vectors. The
optimal time duration t,p¢ should be limited within the range
0 S topt S Ts-

D. Enhanced Pulse-width Modulation (EPWM)

The modulation of the selected optimal voltage vector with
the duty ratio should be symmetrical to the central point of
the sampling interval, as shown in Fig. 7. There are two types
of modulation techniques available in this case. The first one
produces a reduced switching frequency by using one zero-
voltage vector (Vp) during every control interval, as indicated in
Fig. 7(a). Although this modulation technique produces reduced
switching frequency, the average switching frequency of this
modulation is almost constant [39]. The duty cycles of the
converter switches are calculated from the selected optimal
voltage vector and the optimal duration time, as shown in the
following:

dq S Sa
dp S S
de =10.618 x | S, +0.382 x | S,
dg Sa Sd
de Se opt|l Se opt|m
« Lot (32)
T
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Fig. 8. Block diagram of the proposed MPC technique.

where the subscriptions opt|l and opt|m represent the large
and the medium vectors, respectively, which result in the
selected optimal V3. The second modulation technique as-
sures constant switching frequency operation by adopting the
two zero vectors Vy and V3; with symmetrical PWM, as
indicated in Fig. 7(b). This modulation technique is typ-
ically similar to the conventional SVPWM. In this case,
the duty cycles of the converter can be formulated as
follows:

dg Sa Sa

db Sb Sb

d. | = 10618 x | S, +0.382 x | S

da Sa Sa

de Se opt|l Se opt|m
topt Ts - topt
—_— 4 — 33

T Gy

Both modulation techniques have the same effect on the
average values of the controlled variables as the original PWM
process. In this article, considering the high-power drive system,
the reduced switching frequency modulation is applied.

The block diagram of the proposed DB MPCC technique
is shown in Fig. 8. The proposed method has the advantage
of reduced computational burden, since it does not require
neither the enumeration process for testing all available voltage
vectors as in the conventional MPC, nor testing two voltage
vectors as the case of the hysteresis MPTC. In addition, there is
no additional hysteresis controller in the proposed DB MPCC
controller. These advantages reduce the execution time of the
proposed technique. Therefore, the hardware implementation
of the proposed algorithm becomes easier and possible using a
standard low-cost digital controller.

The flowcharts of the proposed DB MPCC and the hysteresis
MPTC are compared in Fig. 9. The required arithmetic processes
of the studied algorithms are compared in Table I1. It is clear from
Table II that the required number of mathematical operations in
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TABLE III
IMPLEMENTED SYSTEM PARAMETERS FOR SIMULATION
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Stator Flux t ! Vi, Vi Egs.25)-27) d-axis inductance (Ly) 8.5mH
Eqs (13-(14) i ! - g-axis inductance (L) 8.5 mH
e || 1 Define the sector of V Stator resistance (Ry) 1.875Q
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V. SIMULATION RESULTS

To verify the potentials of the proposed DB MPCC algorithm,
a Simulink model for a five-phase PMSM drive system with
the DB MPCC control technique is implemented. Furthermore,
the proposed control technique is compared with three existing
MPC techniques applied on five-phase PMSM drives; namely
FCS-MPCC-V3, FCS-MPCC-V3-DRO, and hysteresis MPTC
with the same system parameters. The system parameters are
listed in Table ITI. The speed loop PI controller gains are designed
as explained in [45] and [46].

A. Steady-State Performance

The steady-state performance of the proposed DB MPCC
technique is investigated and compared with the other studied
algorithms at 80 rad/s and load torque of 15 N-m, as shown
in Fig. 10. The sampling time is set as 200 us to obtain low
switching frequency for high-power applications. The results
show that FCS-MPCC-V3 algorithm has the highest harmonics
and ripples compared with other methods due to the absence of
duty ratio optimization.

Fig. 10.  Steady-state performance comparison of studied algorithms at rated
condition. (a) FCS-MPCC-V3. (b) FCS-MPCC-V3-DRO. (c) Hysteresis MPTC.
(d) Proposed DB MPCC.

The FFT analysis of the stator currents indicates that the
proposed DB MPCC, is similar to the FCS-MPCC-V3-DRO,
has lower total harmonic distortion (THD) compared with the
hysteresis MPTC. Furthermore, the third-harmonic component
of the DB MPCC is the lowest among all studied algorithms due
to considering the third harmonic optimization in the duty-ratio
calculation.

For further investigation and quantitative comparison, the
steady-state torque ripples and the stator currents THD are
compared for all studied methods at different rotor speeds, as
depicted in Fig. 11. The torque ripples are calculated, for n data
points, using the following /2 — norm formula:

1 n y 9
T, = \/ - Yo (T —T)

(34)
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Fig. 11.  Steady-state performance comparison of the studied control schemes
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TABLE IV
COMPARISON AT DIFFERENT SAMPLING INTERVALS
FCS-MPCC-V3-| Hysteresis- Proposed DB
FCS-MPCC-V3I ™ pro MPTC MPCC
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THD (%) |2.73 2.92{5.21 5.19|1.01 1.13|1.46 2.17|1.35 1.40(1.84 3.49(1.01 1.13|1.46 2.17
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Fig. 12. A comparison of the selected optimal V3 from the studied control
schemes. (a) FCS-MPCC-V3. (b) FCS-MPCC-V3-DRO. (c) Hysteresis MPTC.
(d) Proposed DB MPCC.

Fig. 11 shows that the performance of the proposed DB
MPCC at different rotor speeds is identical to that of the
FCS-MPCC-V3-DRO. Both algorithms can achieve the low-
est torque ripples and phase current THD at all rotor speeds
compared with other studied methods. Both algorithms select
the same optimal voltage vectors in different ways, as shown
in Fig. 12. FCS-MPCC-V3-DRO selects the optimal vector
using high computational enumeration process and cost func-
tion evaluation. In contrast, the DB solution of the proposed
MPCC technique provides an explicit optimal voltage vector
selection that makes the computational burden of the proposed
algorithm much simpler. FCS-MPCC-V3 has the highest ripples
and harmonics at all rotor speeds due to the absence of the duty
ratio optimization. Therefore, this control scheme has to select
one active vector in the present control interval and one zero
vector in the next control interval, as indicated in Fig. 12. Hence,
the FCS-MPCC-V3 results in much lower average switching
frequency. The hysteresis MPTC method selects the optimal
voltage vector from the two best vectors based on the cost
function evaluation, which makes this selection stochastic to
some extent. Hence, the hysteresis MPTC has a quite increased
current harmonics and torque ripples.

The performances of the studied algorithms at different sam-
pling intervals are quantitively compared in Table IV. This
comparison proves the effectiveness of the proposed DB solution
for optimal voltage vector selection, since it directly selects the
same optimal voltage vector as the complex FCS-MPCC-V3-
DRO. Furthermore, both control schemes have the best control
performance compared with the hysteresis MPTC with the same

average switching frequency. This is because the transition
between optimal vectors is similar in the three methods, as
shown in Fig. 12. However, the hysteresis MPTC selection of the
optimal vector is sometimes not accurate since it is dependent
on the torque and flux cost functions optimization. As expected,
the FCS-MPCC-V3 always has the lowest average switching
frequency among the studied methods. The average switching
frequency (Fyy ) is calculated as follows:

Fave,a + Fave,b + Fave,c + Fave,d + Fave,e
5

where Five a, Fave,bs Fave,cs Fave,d, and Fyye o are the average
switching frequencies of the five phases. It can be deduced
from Table IV that the FCS-MPCC-V3 scheme has variable
switching frequency with the rotor speed compared with other
control schemes. In order to obtain fair comparison, the four
control schemes are compared at the same average switching
frequency in Table V. The proposed DB MPCC and the FCS-
MPCC-V3-DRO schemes still have the advantage over the other
two methods at the same average switching frequency.

st:

(35)

B. Dynamic Performance

To guarantee clear evaluation on the proposed technique, the
four studied control schemes are compared under two dynamic
cases; speed step change and load variations. Fig. 13 shows
that the hysteresis MPTC technique has a little faster response
than that of other studied techniques under speed step change
condition. This is because the torque control techniques are
faster than the current control schemes. The dynamic load torque
response is tested by changing the load torque from 10 N-m to
15 N-m at 0.1 s, then the load torque is reduced again to 10 N-m
again at 0.3 s. The response of all control methods under load
torque variations are almost the same, as depicted in Fig. 14.
The rotor speed is altered at the instant of the load torque step
change, and it converges quickly to its reference value for all
control schemes.
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C. Analysis and Comparison of Duty Ratio Calculations

One clear advantage of the proposed DB MPCC technique
is that it has replaced the exploration process by the DB
principles to select the optimal voltage vector. This way, the
calculation processes are significantly reduced compared with
previous techniques. In addition, the duty ratio optimization is
calculated by minimizing the voltage error, which is considered
more generalized way compared with the existing methods. For
instance, the duty ratio optimization, which is proposed in [26],
is dependent on the a;-(3; stator currents error minimization,
as indicated by (12). By substituting with the «;-3; voltage
equations in (12), the optimal duty ratio (d,,t ) can be calculated
from « ;-3 voltage error minimization as follows:

(Vl* © Vlopt)

(36)
[Viopt |2

dopt =
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Fig. 15.  Photo of HIL setup.

Another example is the duty ratio optimization, which is
proposed by the hysteresis MPTC in [39]. In this method, the
optimal duty ratio is based on the torque error minimization, as
indicated by (20). By substituting with the torque and torque
derivative equations, the duty ratio optimization is converted to
g-axis voltage error minimization as follows:

(Va1 © Varopt)
[Varopt|”

On the other hand, the proposed DB MPCC algorithm is
considered more general because it takes into consideration the
a g-f3 voltage error in addition to the o ;- ; voltage during the
duty ratio optimization process. The optimal duty ratio of the
DB MPCC can be given by converting (31) to per unit bases as
follows:

dopt = 37

(Vi © Viopt) + (V5 © Vaopt)
|V1010t|2 + |V30pt‘2

(38)

dopt =

VI. HIL RESULTS

In order to validate the effectiveness of the proposed DB
MPCC algorithm, a real-time HIL setup has been designed,
as shown in Fig. 15. This platform uses a real-time RT-LAB
OP5600 simulator for five-phase PMSM drive simulation, and
TMS320F28335 digital signal processor (DSP) for algorithm
implementation. The proposed DB MPCC as well as other
studied control techniques have been implemented using the
DSP. The system parameters are the same as the simulation
parameters, which are listed in Table III, except the speed loop
PI control gains. These parameters are redesigned with different
cut-off frequency due to the measurement noise of the analog-
to-digital converters. The new gains are K, ,, yn = 0.12, and
K; o un = 0.72.

A. Complexity Level and Computational Burden

The computational time of algorithm implementation is one
of the most important criteria, which are used to compare
the complexity level of different control techniques. Since the
computational time defines the type of the hardware required
to implement the code; an increase of the computational time
requires more expensive hardware controller and vice versa.
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Fig. 16.  Real time implementation by TMS320F28335 DSP. (a) Details of the
proposed DB MPCC. (b) Comparison of the studied schemes.

Fig. 16 shows the code implementation time details of the
proposed DB MPCC and compares the implementation time
of the four algorithms.

The TMS320F28335 DSP requires 38 ps to implement the
FCS-MPCC-V3 scheme due to the exploration process of all
available V3. This time is increased by adding the duty ratio opti-
mization to be 40 s in the FCS-MPCC-V3-DRO algorithm. The
hysteresis MPTC has reduced the exploration process from all
available V3 to only two V3 during every control cycle. Hence,
the implementation of the hysteresis MPTC is quite simpler, and
it requires 16 us to be implemented by the DSP. However, the
proposed DB MPCC is implemented within only 10 s, which is
much smaller. This is because the proposed DB MPCC algorithm
does not need any vector exploration process, in addition to there
is no cost function evaluation. Hence, the proposed algorithm
has the lowest computational burden, which is very important
especially for multiphase or multilevel systems.

B. Steady-State Performance

For further verification of the effectiveness of the proposed
method, the steady-state HIL results of the proposed algorithm
is compared with that of other studied control schemes, as shown
in Fig. 17. The steady-state performance has been tested at
a reference speed of 80 rad/s and a load torque of 15 N-m.
Fig. 17 verifies that the current and the torque qualities in the
proposed algorithm and the FCS-MPCC-V3-DRO are similar.
Both algorithms exhibit the best performance among the studied
algorithms. Fig. 18 shows a comparison of current FFT analysis
of the studied control schemes. The current THD in the DB
MPCC scheme (6.33%) is approximately similar to that of the
FCS-MPCC-V3-DRO (6.26%). Both techniques have reduced
current THD compared with the hysteresis MPTC (8.48%) and
the FCS-MPCC-V3 (9.89%).

In addition, the proposed technique is compared with the
studied control schemes at different sampling frequencies and
different rotor speeds. The selected comparison criteria are the
torque ripples and the current ripples. The torque ripples of
the proposed DB MPCC are smaller than that of the hysteresis
MPTC at all rotor speeds and sampling frequencies, as depicted
by Fig. 19. Fig. 20 compares the current ripples of the studied
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(=]

control schemes at a speed range from 10 to 80 rad/s. The dg-axes
current ripples ig ., %4 ., at n data points, are calculated as
follows:

2
& i (ias)
) . 2
lgr = \/% Z?:l (Z;J‘ - Zq_i) :

It can be seen from Fig. 20 that the proposed DB MPCC
and the FCS-MPCC-V3-DRO exhibit approximately similar
current ripples, which are lower than that of other strategies.

id_’f‘ =

(39)
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Fig. 21. HIL steady-state performance at 5 N-m load. (a) FCS-MPCC-V3.
(b) FCS-MPCC-V3-DRO. (c) Hysteresis MPTC. (d) Proposed DB MPCC.

The hysteresis MPTC technique exhibits reduced g-axis current
ripples, however, it has the highest d-axis current ripples. This
is because the hysteresis MPTC algorithm considers only the
torque error, hence, the g-axis current error, minimization in the
duty ratio optimization.

A performance comparison of the four schemes under light
load and low-speed conditions is validated and shown in Figs. 21
and 22, respectively. Fig. 21 shows the HIL results of the
four schemes at 5 N-m load torque with sampling time of
100 ps. The HIL results verify the simulation results in that the
FCS-MPCC-V3 scheme has the worst performance at the same
sampling interval. Furthermore, the proposed control algorithm,
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Fig.22. HIL steady-state performance at 10 rad/s under nearly similar average
switching frequency of 3.5 kHz. (a) FCS-MPCC-V3. (b) FCS-MPCC-V3-DRO.
(c) Hysteresis MPTC. (d) Proposed DB MPCC.

TABLE VI
HIL RESULTS COMPARISON UNDER SIMILAR AVERAGE
SWITCHING FREQUENCY

Fow(kHz)  Tg(us) igr(A) igr(A)  T.(Nm)
FCS-MPCC-V3 3.58 100 0.176 0.200 0.504
FCS-MPCC-V3-DRO 3.54 200 0.196 0.157 0.434
Hysteresis-MPTC 347 200 0.405 0.192 0.516
Proposed DB MPCC 3.54 200 0.196 0.197 0.441

like FCS-MPCC-V3-DRO, exhibits the best steady-state perfor-
mance among the studied algorithms. Under similar average
switching frequency, the proposed DB MPCC still have the
advantage over other control schemes at low and high-speed
conditions, as depicted by Fig. 22 and Table VI, respectively.

C. Dynamic Performance

Besides the steady-state performance, the dynamic perfor-
mance of the proposed algorithm has been evaluated. The dy-
namic performance evaluation includes three different tests:
load torque step change response, speed step change response,
and speed reversal response. Fig. 23 shows the load torque
step change response. The load torque steps up from 10 to
15 N'm at 0.25 s and steps down again from 15 to 10 N-m
at 0.75 s. From Fig. 23, it can be noticed that all studied control
schemes can achieve fast dynamic response for load changes,
since the desired load torque can be achieved within around
10 ms. The load torque disturbance has a small effect on the
rotor speed, which returns to its reference value quickly after
the disturbance moment. Thus, these algorithms have the same
robustness against the load torque disturbance.

The controller response to the rotor speed step change is
compared for the studied schemes, as shown in Fig. 24. The
rotor speed steps from zero to 80 rad/s. Although the proposed
algorithm has the same load torque dynamic response as the
hysteresis MPTC, its response to the speed step change, like
other current control algorithms, is slightly slower than that
of the MPTC, as depicted in Fig. 24. The hysteresis MPTC
algorithm controls the electromagnetic torque directly, which
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makes it faster than the proposed MPCC technique. However, the
difference between the responses of both controller types is only
few milliseconds. Fig. 25 compares the speed reversal response
for the proposed DB MPCC and the other studied techniques.
The motor was running first at 80 rad/s then the speed is reversed

accurate machine parameters given to the controller. However,
in real PMSM operation, the motor parameters may change
during the operation. In PMSMs, the inductances of the machine
may change during operation due to the saturation effects. In
addition, the resistance of the machine changes with temperature
variations. Moreover, the PM flux linkage may change if they
are exposed to thermal or mechanical stresses. Therefore, it is
important to investigate the operation of the proposed DB MPCC
under parameter’s mismatch. The effect of the parameter’s mis-
match on the control performance of the four studied methods is
analyzed by considering the parameter mismatch ratio 7,,, which
is given as follows:

X

¥ (40)

Ny =1
where X represents the actual parameter, while X’ is the mis-
matched parameter. The performance assessment criteria are
chosen as the torque ripples, and the phase currents THD.
Fig. 26 shows the effects of different parameters mismatch on
the performances of the studied algorithms. The stator resistance
and the rotor flux mismatches have unnoticeable effects on the
control performance of these algorithms. However, the induc-
tance mismatch slightly increases the harmonics and the ripples
of all studied algorithms. Fortunately, the proposed DB MPCC
technique, is similar to the FCS-MPCC-V3-DRO, still have
reduced ripples and harmonics at different inductance mismatch
ratios, as shown in Fig. 26.
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TABLE VII
HIL RESULTS COMPARISON OF THE PROPOSED CONTROL SCHEME WITH
EXISTING CONTROL TECHNIQUES

Steady-state  Dynamic Computational — Switching

harmonics  response time frequency
PI-CBPWM lowest slow low (27 us) constant
FCS-MPCC31 moderate fast very high (82 us) variable
FCS-MPCC21 high moderate high (57 ps) variable
FCS-MPCCl11 high moderate  moderate (36 ps) variable
FCS-MPCC-V3 moderate fast moderate (38 us) nearly constant
FCS-MPCC-V3-DRO very low fast moderate (40 ps) constant
Hysteresis-MPTC low fastest low (16 us) constant
Proposed DB MPCC  very low fast lowest (10 us) constant

E. Overall Performance Evaluation of the Proposed
Control Scheme

In order to guarantee a clear and fair evaluation of the
proposed algorithm, a comprehensive comparison of the
proposed algorithm with the existing algorithms is listed
in Table VII. The predictive control techniques have the
salient advantages of fast dynamic response, nonlinearity
consideration, compared with traditional methods such as
PI-CBPWM. In contrast, the PI-CBPWM has the advantages of
lowest harmonics, constant switching frequency, and relatively
low computational burden. However, the proposed DB MPCC
combines some advantages of both types of controllers. Since it
has fast dynamic response, nonlinearity consideration, relatively
low harmonics, and constant switching frequency. Furthermore,
the proposed algorithm has the lowest computational burden
among all existing control schemes.

VII. CONCLUSION

This article introduces a low-complexity DB MPCC algo-
rithm for five-phase PMSM drives. The proposed technique
uses the DB control principles to calculate the reference voltage
vector. From this information, the optimal voltage vector is di-
rectly selected from the enhanced control-set, which eliminates
the third harmonic components. Therefore, the computational
burden can be significantly reduced. In addition, a duty ratio
optimization is used in the proposed method to improve the
steady-state performance. The simulation and HIL results show
that the proposed control scheme combines the advantages of
the existing control schemes. Compared with existing control
schemes applied on five-phase drive systems, the proposed
scheme has the following salient features.

1) There is no cost function evaluation and no exploration

processes.

2) The proposed scheme has the lowest computational time
of 10 us compared with the existing control schemes. This
feature reduces the hardware implementation cost of the
algorithm, especially for multiphase and multilevel drive
systems.

3) Similar to the FCS-MPCC-V3-DRO algorithm, the pro-
posed scheme presents a superior steady-state perfor-
mance compared with the conventional MPC-based
schemes under similar average switching frequency.
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4) The duty-ratio calculation of the proposed scheme is con-

sidered as the general form compared with the existing
algorithms.

5) Like other MPC schemes, the proposed DB MPCC has a
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fastresponse to the rotor speed step change, although it ex-
hibits slightly slower speed compared with the hysteresis
MPTC.
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