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Variable Action Period Predictive Flux Control
Strategy for Permanent Magnet
Synchronous Machines

Zhanfeng Song

Abstract—This article introduces a method to achieve the vari-
able action period (VAP) of voltage vector in the finite control set
model predictive control (FCS-MPC). In the conventional FCS-
MPC, the control behavior is limited since the action period of a
voltage vector is normally fixed to the sampling period. This article
aims to enhance the control performances by means of regulating
the action period of selected voltage vectors, together with the
selection of an optimal control action. A VAP-based predictive flux
control strategy is thus proposed. The optimal voltage vector and
its optimal action period are both obtained by means of a two-step
cost function minimization. In this manner, the future states of the
control objectives are taken into account in the construction of cost
function. The action period for the selected voltage vectors is no
longer fixed to the sampling period, which provides an additional
control freedom to obtain improved reference tracking behaviors.
Experimental validations and comparison studies demonstrate that
enhanced steady-state performances as well as excellent dynamic
behaviors can both be obtained with the proposed strategy adopted.

Index Terms—Flux control, permanent magnet synchronous

machines (PMSMs), predictive control, variable action period
(VAP).

1. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)

have been broadly used in various industrial applications
including high-precision servo-control systems, electric vehi-
cles, and wind power generation systems, due to its advantages
such as high power density, high efficiency, and wide operating
range [1]-[4]. Therefore, the control strategy of PMSM has
always been a research focus in this field.

The conventional field-oriented control (FOC) [5] and direct
torque control (DTC) [6], [7] are usually applied in the three-
phase electrical drive control systems. Generally, in the conven-
tional FOC strategy, the independent control of electromagnetic
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torque and rotor flux can be achieved by using the rotating
coordinate transformation [8]. Typically, the linear controller
(e.g., proportional integral controller) is adopted to regulate the
control objectives and, then, it generates the continuous voltage
reference. Note that the continuous voltage reference applied to
the motor should be synthesized by a modulator such as space
vector pulse-width modulation (PWM) module [9]. However,
the motor drives are highly nonlinear systems, which complicate
the obtention of an approximated linearized transfer function
for the controller design. In addition, the implementation of the
proportional integral (PI) controller in the present-day digital
platforms demands discretization of the controller. Differently,
the control of torque and flux is achieved by applying the
hysteresis bound and lookup table in the DTC [10], [11]. Since
the absence of modulator, a faster transient response can be
expected with DTC adopted, while it always has higher current
harmonic components and torque ripples.

Apart from the mainstream vector control strategies, the
model predictive control (MPC), especially its finite control set
(FCS) version, isregarded as a promising candidate in the control
of electrical drives. Over the past few years, a considerable
amount of research work has been conducted to demonstrate
the superiorities of this control strategy [12], [13]. With FCS-
MPC adopted, a cost function is first constructed and it flexibly
incorporates the control objectives, which typically correspond
to torque and flux, respectively [14]. This cost function is, then,
minimized with the discrete switching nature and finite control
actions of power converters taken into account. By evaluating
the effects of all candidate voltage vectors, the switching state
corresponding to the minimum cost function is selected as the
optimal voltage vector and is finally applied [14]-[18]. When
compared with the DTC, MPC is a more flexible control scheme
since the multivariable case can be considered and the resulting
controller is easy to implement [19], [20]. Besides, due to
the inherent characteristics of behavior prediction and direct
manipulation of converter switching states, predictive control
strategies have many advantages when compared with tradition-
ally linear-controller-based FOC, including highly dynamic be-
haviors, easy inclusion of nonlinearities, and satisfied capability
to achieve the multiple-input multiple-output control [21]-[25].

However, one typical challenge for FCS-MPC lies in its
steady-state performances. The reference signal cannot be ac-
curately tracked. The reason is that the converter control is
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typically achieved by modifying the product of voltage vector
and its application period. When the FCS-MPC is applied, the
selected voltage vector will be held for the whole sampling
period, i.e., its application period is fixed. The only control
freedom is the selection of different voltage vectors. Owing
to the limited number of possible switching states, the control
objective cannot be accurately achieved [26], [27]. Even though
the steady-state performances can be improved by increasing
the switching frequency and decreasing the application period
of selected voltage vectors, it consequently generates higher
switching losses [28].

One straightforward method to solve this problem is to ex-
pand the possible switching states, which provides regulation
flexibility regarding the magnitude of candidate voltage vectors.
However, this can only be realized by introducing multiple
switching levels, which normally requires hardware adjustment.
Differently, Arahal et al. [29] proposed a novel way to solve
this problem. In this method, the application period of voltage
vectors is adjusted in a discrete way. Each sampling period
is divided into several subperiods. The cost function is, then,
evaluated with all switching states and all these subperiods
taken into account. A closer reference tracking and enhanced
steady-state performances can then be obtained. However, as
the optimization process is conducted over the product of all
switching states and all subperiods, a very heavy computational
burden can be expected [29]. Similarly, a variable switching
frequency method is proposed in [30]. The variable switching
frequency is achieved by developing the modulator in the FPGA,
which is capable of changing the sampling time on each period.
The maximum switching frequency of the inverter is fixed and
the possible switching frequencies are predefined within a range
from 1 kHz to the maximum value with 1 kHz increments. Then,
the cost function minimization is achieved by the exhausted
calculation of all possible switching frequencies. However, the
steady-state performances can only be partially improved as
the application period of voltage vectors cannot be arbitrarily
adjusted.

Another approach to improve the control performances is
to flexibly regulate the voltage vector’s action period (i.e., the
duration of voltage vector in every prediction step). The variable
action period (VAP) can be achieved by changing the sampling
period [31], [32]. In [32], the optimal switching state that can
achieve the closest trajectory to the lead-pursuit direction is first
selected. The action period of the optimal switching state is
chosen to minimize the deviation of the reference trajectory from
the end point after applying the optimal switching state [32].
Note that the optimal switching state is obtained based on the
deviation of the control objective from its reference at the present
moment. That means the selected optimal switching state, which
does not take the future state into consideration, may be improper
with the evolution of time.

The main contribution of this article is to enhance the control
performances by means of regulating the action period of se-
lected voltage vectors, together with the selection of an optimal
control action. A VAP-based predictive flux control strategy is,
thus, proposed. The optimal voltage vector and its optimal action
period are both obtained by means of a two-step cost function
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minimization. In this manner, the future states of the control
objectives are taken into account in the construction of cost
function. The action period for the selected voltage vectors is
no longer fixed to the sampling period, which provides an ad-
ditional control freedom to obtain improved reference tracking
behaviors.

The rest of this article is structured as follows. The mathe-
matical model of the PMSM system is introduced in Section II.
Section III presents an overview of the conventional FCS-MPC
and the proposed VAP-based MPC strategy (VAP-MPC). The
proposed method and its digital implementation are explained
in detailed in Sections IV and V, respectively. In Section VI, the
effectiveness of the proposed control strategy and its superior-
ity over the conventional method are experimentally validated.
Finally, the conclusion is given in Section VII.

II. PMSM MODEL

In the following, complex vectors will be adopted to represent
electrical variables and expressed by using boldface letters. For
example, the stator current can be expressed as 5 = 1o + jig,
where 7, and ig are - and /3-axes current components, respec-
tively. The voltage equation of the surface-mounted PMSM in
the stator coordinates is given as

ug (1) — Reis(t) — dwcf(t) =0 (1)
where wug, 5, ¥, and Ry represent the stator voltage vector,
the stator current vector, the stator flux vector, and the stator
resistance, respectively. The time dependence of vectors is given
by t. Moreover, the stator flux vector ¥y is expressed as

W, (t) = Lyis(t) + o (t) 2)

where L stands for the stator inductance. ¥, denotes the rotor
flux vector in the stator coordinates, which is given by

W, (t) = ppel?e®) A3)

where ¢, and 1, represent the rotor flux amplitude and the
electrical angle of rotor position, respectively. As the stator
resistance is small and its influence on the stator windings could
be consequently neglected, (1) could be rewritten as

v, (1)
dt

Furthermore, (4) could be expressed in the discrete-time
domain as

= ug(t). 4)

Ws(k + 1) = Wb(k) + Tsus(k) (5)

where T denotes the sampling period. It can be found from
(5) that the desired stator flux vector at time instant (k + 1)7
could be achieved by modulating the stator voltage vector us (k).
Besides, the electromagnetic torque of PMSM can be expressed
as

1.
T, =

1.
O My W, x @,| = AL sin(@s — 9.)  (6)

L Ly

where n,, is the number of pole pairs, 1) is the amplitude of
stator flux, and Vs is the angle of stator flux vector. Meanwhile,
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Fig. 1.  Stator flux trajectory with FCS-MPC adopted when the voltage vectors
take action between the time instants k7 and (k + 1)75.

(6) can be rearranged as

LT,
s — ¥ = arcsin ( i ) . 7

L5 1,00

It can be found from (7) that, assuming that the amplitudes of
stator flux vector and rotor flux vector are constants, the desired
torque can be obtained by regulating the angle 9.

III. OVERVIEW OF THE CONVENTIONAL FCS-MPC AND
THE PROPOSED VAP-MPC

A. Conventional FCS-MPC

When the conventional FCS-MPC is adopted to achieve flux
vector control for PMSMs, a cost function that reflects the
control errors under different control actions is first constructed.
Eight basic voltage vectors of a voltage source converter (VSC)
are, then, evaluated based on this cost function. The voltage
vector corresponding to the minimum cost function is, then,
selected as the optimal one and finally applied. It should be
noted that, with FCS-MPC adopted, the action period of selected
voltage vector is fixed to the sampling period 7.

Fig. 1 demonstrates the stator flux trajectory with FCS-MPC
adopted when the voltage vector takes action between the time
instants k7 and (k + 1)Ty. In this figure, w1 ~ wug stand for the
active voltage vectors of VSC. The subscript or and hat " rep-
resent the reference and predicted flux vector, respectively. The
red solid line and black solid line denote the trajectories of the
stator flux vector and its reference, respectively. The red dotted
lines that originate from the square point W (k) correspond to the
possible evolution generated by separate action of active voltage
vectors. Based on the variables sampled at time instant k7, the
predicted flux vectors at time instant (k + 1)7; are calculated
for each possible control action. Obviously, for the example
shown in Fig. 1, the voltage vector ws is the optimal control
action in accordance with the control objective. This optimal
vector will be applied and held during the whole sampling period
between time instants k7, and (k + 1)7;. This process will be
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Fig.2. Stator flux trajectory with FCS-MPC adopted when the voltage vectors
take action between the time instants (k + 1)7g and (k + 2)7Tg.

repeated in the next execution of the control scheme, as shown
in Fig. 2, in which u; will be the optimal vector then. Note that
the control objective (e.g., reference stator flux vector) cannot
be accurately tracked due to the finite number of voltage vectors
and their fixed application period. Therefore, a large flux vector
error generally exists during operation, which causes torque
ripples and current harmonics. A typical way to obtain im-
proved steady-state performances is to adopt reduced application
period T5. However, this will result in higher switching fre-
quency and increasing switching losses.

B. Proposed VAP-MPC

Different from the conventional FCS-MPC, the proposed
VAP-MPC aims to enhance the control performances by means
of regulating the action period of selected voltage vectors. In
other words, the action period for the selected voltage vector
is no longer fixed to 7§, which provides an additional control
freedom to obtain the improved reference tracking behaviors.

As both the control states (i.e., stator flux vector and its
reference signal) vary with time, the determination of the op-
timal voltage vector as well as its action period requires some
anticipation. The future trajectory of the stator flux vector can be
obtained based on the sampled signals at the current sampling
instant and the prediction process. The trajectory of the reference
flux vector is a circularity and its future state is characterized as a
function of action period. Therefore, a cost function that reflects
the deviation between the stator flux vector and its reference
value can be constructed and represented as a function of action
period. The optimal voltage vector and its optimal action period
can, then, be obtained by means of a two-step cost function
minimization.

The evolution of stator flux vector with the proposed VAP-
MPC adopted is shown in Fig. 3. Obviously, the action periods
of six basic voltages are different form each other. Meanwhile,
when us is applied and held for a period of ¢;2, the minimum
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Fig. 3.  Stator flux trajectory when the proposed VAP-MPC is adopted.

error between the reference and predicted flux vector can be
obtained.

Different from the conventional FCS-MPC, the action period
of voltage vector is not fixed in the proposed method. By adding
anew degree of freedom about the action period ¢ in the control
algorithm, a more suitable voltage vector and corresponding
action period can, thus, be obtained. Consequently, the stator
flux linkage can track its reference value more accurately, and
the torque ripples as well as the harmonic contents in three-phase
currents can be effectively reduced.

IV. PREDICTIVE FLUX CONTROL BASED ON VAP

A. Determination of Optimal Action Period for Each
Voltage Vector

In the proposed strategy, the optimal voltage vector and its
optimal action period are obtained by means of a two-step cost
function minimization. The first step is to calculate the optimal
action periods of the voltage vectors. Note that the determination
of the optimal voltage vector as well as its action period needs
corresponding anticipation since the control objectives vary with
time. As demonstrated in Fig. 4, t¢ stands for the current time
instant. W(to) and P ,er(to) denote the actual and reference
values of a stator flux vector at the current time instant ¢,
respectively. Apparently, as is demonstrated in Fig. 4(a), the
optimal voltage vector us is applied to reduce the control error
AW between the actual and reference stator flux vectors. The
trajectory of actual flux vector is denoted by ared solid line, ref-
erence flux vector by a blue solid line, and flux vector error a by
blue dotted line. Note that because the actual and reference flux
vectors generally move in the different speed, their trajectories
will not cross each other. That means the flux vector error cannot
be reduced to zero but to a minimum value. This phenomenon is
more clear in Fig. 4(b). As shown in the figure, with the evolution
of time, the red solid line goes over the blue solid line without
intersecting it. Besides, the magnitude of flux vector error (length
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Fig.4. Schematic diagram of stator flux trajectory. (a) Two-dimensional graph
of stator flux trajectory. (b) Three-dimensional graph of stator flux trajectory.

of blue dotted line) also varies over time. More specifically, it
first decreases with time before the minimum error is obtained,
and then increases. Therefore, there exists a unique time instant ¢,
at which the magnitude of flux vector error reaches its minimum
value. The optimal action period for voltage vector u; is denoted
by t;. At time instant ¢y + ¢, the predicted stator flux vector and
reference stator flux vector can be expressed as

Ws (to + ti) = Ws(to) + uiti (8)
Ws,ref(to + ti) = !ps’ref(t()) . ejweti . (9)

Therefore, at time instant ¢y + ¢;, the flux vector error under
the action of u; is given by

A!ps(ti)‘ui = Ws,ref(to + ti) - Ws(to + ti)
= !ps,ref(t()) . ejwct; — !ps(t()) — u;t;. (10)
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It can be seen from (10) that the flux vector error is a function
of action period ¢;. A cost function representing the deviation
between the reference stator flux vector and the predicted stator
flux vector can be constructed as

9= [AW(t:)]w]” (11)

As depicted in Fig. 4, when us is applied, the cost function g
first decreases with time before the minimum error is obtained,
and then increases. Therefore, the optimal action period ¢; in
accordance with the minimum cost function can be obtained by
solving

dg  d[A(t:)]u]”

dt; dt;

Thus, the optimal action period ¢; for each voltage vector u;
can be obtained, which corresponds to the minimum flux vector
error. This calculation process will be conducted for all candi-
date voltage vectors. Note that the calculation of the optimal
action period ¢; is a time-consuming task and the corresponding
simplification is needed. Therefore, in order to reduce the com-
putational burden, the simplified selection process of candidate
voltage vector is introduced in Section V.

=0. (12)

B. Selection of Optimal Voltage Vector

After the optimal action period of each candidate voltage
vector is calculated according to (12), the selection of opti-
mal voltage vector from all candidate vectors (i.e., the second
step of two-step cost function minimization) should, then, be
conducted. The selection process is presented as follows. If the
calculated ¢; for one specific voltage vector is a negative value,
it means that the corresponding voltage vector should act in
the opposite direction. Under this situation, this voltage vector
should be discarded. Subsequently, by substituting the remaining
candidate voltage vectors and the corresponding action periods
into the cost function g, the voltage vector corresponding to
the minimum cost function is selected as the optimal one. The
optimal voltage vector u,p,¢ can be described as

Uopt = rr}}ng = Hzltm [Aws(ti)|m]2. (13)

V. DIGITAL IMPLEMENTATION
A. VAP Versus Fixed Sampling Frequency

In order to simplify the algorithm implementation, the sam-
pling interval is set to a fixed value and the state of the switching
devices is changed at most once within one sampling period.
In order to describe the calculation process in more detail and
without loss of generality, Fig. 5 is depicted as a typical example
of the switching schematic diagram. The sampling instant is
fixed and the sampling interval is 7. Besides, in Fig. 5, it is
assumed that the sequence of optimal voltage vectorsis ug(101),
u0(000), us5(001), and u4(011). The number in parentheses
represents the working states of three-phase switching devices:
1 represents that the upper bridge arm works, while O implies that
the lower bridge arm works. For clarity and better understanding,
subscripts I and II are adopted to denote the sequence index
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Fig. 5. Diagram of voltage vector switching when Ty < ¢1(k — 1) < 2T.

of the optimal voltage vector. Taking time instant (k — 1)7}
as an example, the first optimal voltage vector is uj(k — 1)
and the following are wri(k — 1) and wyr(k — 1). Similarly,
their corresponding action periods are t1(k — 1), t11(k — 1), and
tinn(k — 1), respectively.

Considering the time instant (k — 1)75, the voltage vector
ur(k —1)(101) as well as its action period ¢1(k — 1), and the
next optimal voltage vector uyr(k — 1)(000) as well as its action
period t1;(k — 1) are known variables, which are obtained in
the previous sampling period. d,p.(k — 1) is the three-phase
duty cycle signals, which is calculated in the previous sampling
interval and updated at time instant (k — 1)Ty. Specifically, for
the case shown in Fig. 5, the duty cycles can be expressed as

dolk —1) =de(k—1)=1, dpy(k—1)=0. (14

Since the action period of selected voltage vectors is not
fixed, the switching states may be changed within one sampling
interval, as depicted in Fig. 5. Therefore, the way to update the
duty cycle signals is an extremely important part of the proposed
control algorithm and needs to be further discussed in detail.

B. Update of Duty Cycle Signals

The update of duty cycle signals includes different modes,
which correspond to different voltage vector switching situations
shown as follows.

1) t1(k — 1) > 2T: The schematic diagram of switching se-
quence under the situation of ¢1(k — 1) > 27} is shown in Fig. 6.

Obviously, in this case, the voltage vector ur(k — 1) will
continue to act during the time period from kT to (k + 1)T;
(i.e., k¢ interval). Therefore, the duty cycle to be updated at
time instant k75 is the same as the previous one, resulting in

dabc(k) = dabc(k - 1)- (15)

For the convenience of the following calculation, uy (k), t1(k),
uyr(k), and t11(k) need to be updated accordingly, which can be
written as

{ ul(k) = uI(k — 1),t1(k) = tl(k — 1) — TS
’LLH(k) = uH(k — 1),t11(k‘> = tH(k‘ — 1).

2) Ty < ti(k — 1) < 2Ty The schematic diagram of switch-
ing sequence under the situation of Ty < t1(k — 1) < 275 is

(16)



6190
dabc(k - 1) dabc(k) dabc(k + 1) dabc(k + 2) dabc(k + 3)
¥ ¥ v ¥
| ] 1 | !
a | | | I | i
| | | 0 0 !
i i i i .
| | | | |
b — = : —
| i1 | | 1 |
¢ = ; 1o [
| 1 1 !
| 1 1 | !
H H I HE. ;
k—1 k k+1 k+2 k+3 t/Ts
tr(k —1) tn(k—1)
’LLI(k—l) uH(k— 1)
Fig.6. Schematic diagram of voltage vector switching when ¢ (k — 1) > 2T%.

dabc(k - 1) dabc(k) dabc(k + 1) dabc(k + 2) dabc(k + 3)

¥ ¥ ¥ ¥ Y
L1 l l i i
a
: o 0 l 0
: ; : : T
I | | I
I O | | I I
b — — o ] |
c | 1 : | | 1 |
Lo [ | |
I | | I I
I 1 | I I
: 1 1 1 1 1 : 1
k—1 k k+1 k+2 k+3 t/T
tl(k — 1) tH(k — 1) t[H(k — 1)
ur(k—1) wn(k—1) um(k — 1)
Fig. 7. Diagram of a voltage vector switching when t¢;(k — 1) < Ty and

tr(k—1) +tin(k — 1) < 27T%.

depicted in Fig. 5. As shown in the figure, the voltage vector
ur(k — 1) takes action between time instants (k — 1)7y and
kT, and, then, the voltage vector will switch from w;(k — 1) to
ugr(k — 1) between time instants k7 and (k + 1)7%. The duty
cycle dapc (k) is, then, updated as

ik —1)— T,
=

Furthermore, w;(k), t1(k), ui(k), and t1;(k) need to be
updated, which is the same as (16).

3) t1(k —1) < Ty: Whent(k — 1) < T, the voltage vector
ug(k — 1) will end its action before the time instant k7 and,
then, switch to uyr(k — 1). The duty cycle signals to be updated
at kT are, then, determined based on ¢;(k — 1) and ¢1;(k — 1).
The subsequent calculation process includes two cases explained
as follows.

) ti(k—1)+tg(k—1) < 2Ty, In this situation, the
switching diagram is shown in Fig. 7. urr(k — 1) will end
its action between time instants k7 and (k + 1)T;. A new
optimal voltage vector needs to be applied subsequently.
Itis worth noting that, in order to calculate the duty cycles,
the following optimal voltage vector uyi(k — 1), which
takes action sequentially after the action of wuy(k — 1),
should be obtained before the time instant k7. The de-
termination of wy(k — 1) and ¢y1;(k — 1) is conducted
based on the two-step cost function minimization process

da(k) = do(k) L dy(k)=0. (D)
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mentioned in Section IV and the corresponding ¢ is equal
to KT, + tl(k‘ — 1) + tH(k‘ — 1).
The duty cycle to be updated at time instant k7 could be
determined according to t;(k — 1), tii(k — 1), un(k —
1), and uyri(k — 1), resulting in

da(k) = dy (k) = 0,
L —ty(k— 1) — tu(k — 1)

de(k) T. (18)
Then, u;(k), t1(k), uir(k), and ¢11(k) need to be updated
as
’U,I(k) = ’LLH(k - 1),
tr(k) =tu(k — 1) + tr(k — 1) = T (19)

un(k:) = ’LLHI(]C — 1),75[[(]45) = tIH(k — 1).

2) t1(k — 1) + tir(k — 1) > 2T5. The corresponding switch-
ing diagram is shown in Fig. 8. This situation is quite
similar to the case when t1(k — 1) + t11(k — 1) < 2T,
except that uyr(k — 1) acts for a whole period between
the time instant k7 and (k + 1)7%.

Therefore, the duty cycle dap. (k) could be directly obtained

according to uyr(k — 1). For the case shown in Fig. 8, the duty
cycle is calculated as

da (k) = d (k) = de(k) = 0, (20)

ur(k), ti(k), wi(k), and ¢11(k) could, then, be similarly
updated by using (19).

C. Pursue Problem and Delay Compensation

As well as the actual value of the stator flux vector, its
reference signal also varies with time. The trajectory of reference
flux vector is a circularity and its future state can be represented
as a function of action period. This pursue problem should be
taken into account in the control process. Besides, in a practical
digital implementation process, due to the finite computation
time, the optimal voltage vector obtained in the current interval
can only take action at next period, which naturally introduces
a one-sampling-period time delay. This delay needs to be taken
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into account when the optimal voltage vector together with its
application time is determined.

The case shown in Fig. 7 is taken as an example here. When
ti(k — 1) < Ty, the optimal action vector uy(k — 1) and its
action time ¢y11(k — 1) need to be calculated. The calculation
process with both the pursue problem and one-sampling-period
time delay taken into consideration can be explained as follows.
At the time instant (k — 1)Ty, the stator current 45(k — 1) and
the rotor electrical angular position ¥, (k — 1) can be obtained
by the sampling schemes. According to (2) and (3), the stator
and rotor flux vectors at time instant (k — 1)7T} are obtained as

Ws(k - 1) = Ls"/@(k - 1) + wr(k - 1)
. 2n
W, (k—1) = gpele-1),
For convenience, ¢, is introduced here and is expressed as
tp = (k= DT +tr(k = 1) + tu(k — 1) + tin(k — 1). (22)

According to (5), the predicted stator flux vector at time
instant ¢, could be written as

W, (ty) = Ws(k — 1) 4+ ug(k — V)tr(k — 1)

+un(k— Dtrn(k—1) + win(k — Dt (k — 1).
(23)
The corresponding reference stator flux vector at the same
instant is

W of (tp) = g refe.iﬂs,rcf(k71)+jwc[tl(k71)+t11(k71)+tIII(k71)]
24
where )5 rof represents the magnitude of the stator flux and ¥ y.c¢

denotes the angle of the reference stator flux vector. According
to (7), this angle is given by

LT ve
—_scexel ) (25)
1.5 npwrws,ref

where T, ;s represents the torque reference.
The control error between the reference stator flux vector and
its predicted value at time instant Z,, is

=W et (tp)

With respect to each candidate voltage vector for the selection
of uprr(k — 1), ti1(k — 1) can be obtained by substituting (26)
into (12) and solving the equation. Eight different action peri-
ods corresponding to eight basic voltage vectors are obtained.
Specifically, the negative action periods and the corresponding
candidate voltage vectors should be discarded.

Subsequently, by substituting the candidate voltage vectors
and their action period into (13), the optimal voltage vector
ur(k — 1) and its action period ¢y (k — 1) can be determined
based on cost function minimization.

s ret(k — 1) = Yo (k — 1) + arcsin (

AP (tp)|um - is (tp)- (26)

D. Simplified Selection Process Based on Adjacent
Voltage Vectors

In order to reduce the computational burden and average
switching frequency, a simplified selection process based on
adjacent voltage vectors is adopted in this article. The simpli-
fied candidate voltage vector group in every prediction step is
updated based on the previous optimal voltage vector and a
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TABLE I
CANDIDATE VOLTAGE VECTOR GROUP AND THE PREVIOUS OPTIMAL VECTOR

Previous optimal vector w  Candidate voltage vector group U .

ug [up~ur]

ul [uo,u1,u2,u6]
u2 [u1,u2,us3,u7]
us [uo,u2,us3,u4]
Uy [ug,us,us,u7]
us [uo,uq,us,u6]
U6 [ui,us,u6,u7]
u7 [ug~ur]

|Initialize wr, tr, wir, tn.l

[Get T et s ror and sample 45, we, V.|

— <"

Y

|Determine U . according to Table I.l

Calculate tyyy for each u; € Ue.
(12), (26)

Determine optimal wyyr.
13

N
@ > 2T N

Y Y
| Update dape.-

Update dape-
0 (18)

Update dapc.- Update dapc-
(15) (17)

Update uy, t1, wir, tir- Update uI(,I(tSI)’ urr, tir.

| Generate switching signalsl

P
©
e
—
N>

End

Fig. 9. Flowchart of the proposed VAP-MPC method.

predefined lookup table, as shown in Table I. More specifically,
when the previous optimal vector is a nonzero voltage vector,
the candidate vector group contain itself, its adjacent two active
voltage vectors, and a zero voltage vector (either ug or wy will
be determined with the aim of reducing switching). When the
previous optimal voltage vector is a zero voltage vector, the
next optimal one will be selected in eight basic voltage vectors.
After the candidate voltage vector group is determined, the cost
function will be evaluated for each of the voltage vectors in this
group. The flowchart of the proposed VAP-MPC is demonstrated
in Fig. 9.

VI. EXPERIMENTAL VALIDATION

The proposed method is implemented on a 2.3-kW surface-
mounted PMSM, which is coaxially connected with a 3-kW load
machine. The load machine is controlled by Siemens PM250.
The control algorithms for PMSM are implemented based on a
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Fig. 10.  Picture of the test rig.

Host computer

TABLE I

SYSTEM PARAMETERS

scilloscope

Parameter Symbol Value
PMSM parameters:
Rated power P~ 2.3 kW
Rated speed wN 1500 r/min
Rated torque T~ 15 N-m
Rated stator current iN TA
Number of pole pairs np 2
Stator resistance Rs 225 Q
Stator inductance Lg 18.75 mH
Rotor flux amplitude Py 0.79 Wb
Load machine parameters:
Rated power P~ 3 kW
Rated speed wWN 1435 1/min
Rated torque N 20 N-m
Rated stator current N 6.7 A

TMS320F28379D digital signal processor. The test rig diagram
is shown in Fig. 10. Detailed parameters of the surface-mounted
PMSM and the load machine are shown in Table II.

A. VAP Method Verification

Fig. 11 shows the three-phase PWM waveforms when the
conventional FCS-MPC and the proposed VAP-MPC are ap-
plied, respectively. In the experiment, the torque reference is set
to 10 N-m, the electric rotational speed remains at 300 r/min,
and the sampling period is 20 us. As shown in Fig. 12(a), with
FCS-MPC adopted, the sequence of voltage vector is u((000),
11(100), u((000), u3(010), wr(111), u4(011), and us(001).
Meanwhile, the action periods of voltage vectors is 7§, or the
integer multiple of 75. Fig. 12(b) shows the PWM waveforms
when the proposed VAP-MPC is adopted. In the figure, the
sequence of voltage vector is uo(000), u5(001), ug(101),
u7(111), u6(101), ’u,7(111), u6(101), U5(001>, and u6(101)
This sequence demonstrates that, when the previous optimal
vector is a nonzero voltage vector, the next optimal voltage
vector must be the one among itself, its adjacent two active
voltage vectors, and zero voltage vector, and this agrees well
with the theoretical analysis of adjacent-voltage-vector-based
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Fig. 11.  Three-phase PWM waveforms (Sampling period: 20 us). (a) Three-
phase PWM waves with the FCS-MPC adopted. (b) Three-phase PWM waves
with the VAP-MPC adopted.
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Fig. 12.  Steady-state waveforms with the conventional FCS-MPC method
adopted when T, yof = 10 N-m (Average switching frequency: 2.67 kHz. Sam-
pling period: 22 us). (a) Waveforms of three-phase currents, electromagnetic
torque 7%, and stator flux magnitude. (b) FFT analysis of Phase A current.
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TABLE III
STEADY-STATE EXPERIMENTAL RESULTS WITH TWO METHODS ADOPTED UNDER DIFFERENT TORQUE CONDITIONS (ROTATIONAL SPEED w, = 300 r/min)

Method Te’ref (N-m) Ts(ﬂs) favsw(kHZ) THD ATe (N-m) ;Hy;?ag (Wb)
FCS-MPC 5 22 2.64 27.47% 224 0.00933
VAP-MPC 5 20 2.64 21.62% 1.38 0.00684
Rate of decline 21.30% 38.39% 26.69%
FCS-MPC 7 22 2.62 19.09% 2.26 0.00973
VAP-MPC 7 20 2.61 14.85% 1.53 0.00682
Rate of decline 22.21% 32.30% 29.90%
FCS-MPC 9 22 2.65 14.05% 232 0.00912
VAP-MPC 9 20 2.65 11.05% 1.51 0.00672
Rate of decline 21.35% 34.91% 26.32%
FCS-MPC 11 22 2.62 1127% 2.39 0.00901
VAP-MPC 11 20 2.64 8.26% 1.47 0.00660
Rate of decline 26.71% 38.49% 26.75%
FCS-MPC 13 22 2.61 9.46% 234 0.00911
VAP-MPC 13 20 2.60 6.78% 1.36 0.00650
Rate of decline 28.33% 41.88% 28.65%
FCS-MPC 15 22 2.62 7.84% 2.30 0.00874
VAP-MPC 15 19 2.61 5.37% 1.43 0.00623
Rate of decline 31.51% 37.83% 28.72%
simplified selection process. More importantly, it is proved by . 8| ; : ; :
the PWM waveforms that the VAP could be achieved with the }f/ 4 —
. —1
proposed VAP-MPC applied. § oy x x x x x Z'
S 4 NAUR
B. Steady-State Performance Comparison 8 . , . ,
. . 15
In order to validate the superiority of the proposed VAP- "
MPC over the conventional FCS-MPC, some related steady-state g T o o
. . . 5
comparisons were experimentally conducted. In order for a fair \Z_g °
comparison, both methods adopt the same average switching & 0
frequency. It is calculated as i’
Now —~0.7
favsw = T (27) \%04
where N, stands for the total switching times of all converter 0.1
legs within a time period of 1 s. -0.2
In these steady-state tests, the torque reference is set to 100 ms/div
10 N-m. The electric rotational speed remains at 300 r/min and (a)
h I itching fr ncy is around 2.65 kHz for both
the average switching equency 15 arou d2.65 or bot Fundamental (10Hz)=3.852, THD=9.65%
methods. The corresponding experimental results of three-phase e

currents, electromagnetic torque, and stator flux magnitude with
two methods adopted are shown in Figs. 12 and 13, respectively.
As shown in Fig. 12(a), the electromagnetic torque 7, fluctu-
ates between 8.31 and 10.41 N-m. The stator flux magnitude
fluctuates between 0.77 and 0.812 Wb. Meanwhile, it can be
found form Fig. 12(b) that the total harmonic distortion of
Phase A current is 11.42% with FCS-MPC applied. As depicted
in Fig. 13(a), T, fluctuates between 8.90 and 10.37 N-m, and
the fluctuation range of the stator flux magnitude is 0.782 to
0.822 Wb. Besides, according to the FFT analysis shown in
Fig. 13(b), A-phase current has relatively lower harmonic com-
ponents compared with the experimental results of FCS-MPC.
By comparing the results shown in Figs. 12 and 13, it is clearly
visible that excellent steady-state performances can be achieved
by two methods. However, when the proposed VAP-MPC is
applied, the torque ripples and current harmonic components
could be significantly reduced under the condition of the same
average switching frequency.

In order to further analyze the superiority of the proposed
method over the conventional FCS-MPC, several steady-state

W

o
n

Magnitude (% of Fundamental)

100 150 200 250 300 350 400 450 500
Harmonic order

(b)

0 50

Fig. 13. Steady-state waveforms with the proposed VAP-MPC method
adopted when T, ;ef = 10 N-m (Average switching frequency: 2.67 kHz. Sam-
pling period: 20 us). (a) Waveforms of three-phase currents, electromagnetic
torque 7%, and stator flux magnitude. (b) FFT analysis of Phase A current.

experiments under different torque references are carried out
and the corresponding experimental results are demonstrated in
Table II1. It should be noted that, under the condition of the same
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TABLE IV
STEADY-STATE EXPERIMENTAL RESULTS WITH TWO METHODS ADOPTED UNDER DIFFERENT ROTATIONAL SPEED (LOAD TORQUE 77, = 8 N-m)

Method wr (/min)  Ts(us)  favsw(kHz) THD ATe Awy (r/min)
FCS-MPC 100 25 2.87 26.65% 4.51 13.71
VAP-MPC 100 20 2.86 21.43% 3.26 9.95
Rateof decline 19.59%  27.72% 27.43%
FCS-MPC 200 25 2.83 24.84% 4.17 15.47
VAP-MPC 200 20 2.81 18.79% 3.04 12.72
Rateof decline 24.36%  27.10% 17.78%
FCS-MPC 300 25 2.86 21.47% 4.00 20.76
VAP-MPC 300 20 2.85 16.78% 2.88 15.63
Rateof decline 21.84%  38.89% 24.71%
FCS-MPC 400 22 2.83 19.52% 3.49 18.90
VAP-MPC 400 20 2.81 14.69% 2.27 14.44
Rate of decline 24.74%  34.96% 23.60%
FCS-MPC 500 22 2.80 18.25% 3.32 18.26
VAP-MPC 500 20 2.80 14.96% 2.10 14.06
Rate of decline 18.03%  36.75% 23.00%
FCS-MPC 600 22 2.80 19.26% 3.76 20.52
VAP-MPC 600 20 2.79 14.80% 2.77 15.13
Rateof decline 23.16%  26.33% 26.27%
reference torque in these tests, the average switching frequencies 8 . ; . !
for two methods are kept the same. Obviously, lower current < 4 A—dal]
distortions and root mean square (RMS) value of stator flux =R : K _zb
. [} c
magnitude error can be expected when the proposed VAP-MPC 5 4 \x r .\X
is adopted in all different conditions, which validates the effec- O [
tiveness of the proposed strategy. Besides, when the proposal ?')8 ' ‘ '
is adopted, the corresponding torque ripples are reduced by = 24 m i
B 200m
38.39%, 32.30%, 34.91%, 38.49%, 41.88%, and 37.83% when Z 18 m - i
. . ~— o | "
the reference torque is 5,7, 9, 11, 13, and 15 N-m, respectively. 2 12 — ‘F; ! ,““r""‘ ¥ W |
With the aim of further evaluating the effectiveness of the 6L - s i
proposed VAP-MPC, the experiments were carried out under 0 i i i
the action of the speed control loop. Similar to Table III, 1 ' T '
relative steady-state comparison experiments at different rota- = 0.9} .
tional speed are tested and the results are shown in Table IV. = 0.8 WMW
It is demonstrated that, with the same average switching fre- < o7l |
quency adopted, the corresponding torque ripples are reduced by 0.6
27.72%, 27.10%, 38.89%, 34.96%, 36.75%, and 26.33% when ' 100 ms/div
the rotational speed is maintained as 100, 200, 300, 400, and
500 r/min, respectively. The proposed method can effectively =~ Fig. 14. Dynamic responses with proposed VAP-MPC method adopted when

reduce the current distortion.

C. Dynamic Performance Comparison

Apart from steady-state performances, the transient responses
of the two strategies are experimentally tested and evaluated.
Figs. 15 and 14 demonstrate the experimental waveforms when
the torque reference step changes from 10 to 15N-m. The
rotational speed remains 300 r/min in these tests. The average
switching frequencies are both around 2.70 kHz for the two
strategies. As demonstrated by these waveforms, pretty sim-
ilar transient responses and excellent dynamic behaviors can
be obtained by the conventional FCS-MPC and the proposed
VAP-MPC, due to their inherent predictive characteristics. The
electromagnetic torque can be flexibly regulated and its refer-
ence can be quickly tracked within a short period. The magnitude
of the stator flux vector is kept constant at its reference value in
the transient process, indicating the decoupled regulation of the
torque and the stator flux.

T¢ ret step changes from 10 to 15 N-m (Average switching frequency: 2.67 kHz.
Sampling period: 20 us). (a) Three-phase currents. (b) Electromagnetic torque
Te. (c) Stator flux magnitude.

In addition, Figs. 16 and 17 depict the experimental results
when the reference rotational speed is step changed from 150 to
300 r/min with two method adopted, respectively. The maximum
torque limit is set to 17 N-m in these tests. The average switching
frequencies are kept the same for both control schemes. It is
demonstrated that, with the step change of the reference speed,
the torque quickly reaches its maximum limit 75, ,,«. The ro-
tational speed, then, increases with the maximum rising rate,
and the reference speed is quickly tracked accordingly. With
the rotational speed gradually rising to the reference value, the
torque gradually decreases and finally stabilizes at the steady-
state value. With both schemes applied, decoupled regulation of
torque and flux can be expected. However, as clearly visible in
these results, more significant torque ripples are generated with
the conventional FCS-MPC applied.
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Fig. 15.  Dynamic responses with conventional FCS-MPC method adopted
when T .of step changes from 10 to 15 N-m (Average switching frequency:
2.70 kHz. Sampling period: 22 us). (a) Three-phase currents. (b) Electromag-
netic torque T¢. (c) Stator flux magnitude.

200 ms/div

Fig. 16. Dynamic responses with conventional FCS-MPC adopted when w,
step changes from 150 to 300 r/min (Average switching frequency: 2.82 kHz.
Sampling period: 25 ps). (a) Three-phase currents. (b) Electromagnetic torque
Te. (c) Rotational speed wy. (d) Stator flux magnitude.

The load torque step change experiments have also been
conducted to compare the dynamic behaviors of two strategies.
The experimental results with load toque step change are shown
in Figs. 18 and 19. In these experiments, The rotational speed
remains 300 r/min and the load torque step changes from 8§ to
12 N-m. The average switching frequencies are around 2.9 kHz
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Fig. 17. Dynamic responses with proposed VAP-MPC adopted when w;
step changes from 150 to 300 r/min (Average switching frequency: 2.85 kHz.
Sampling period: 20 us). (a) Three-phase currents. (b) Electromagnetic torque
Te. (c) Rotational speed w;. (d) Stator flux magnitude.
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Fig. 18.  Dynamic responses with the conventional FCS-MPC adopted when
load torque step changes from 8 to 12 N-m (Average switching frequency:
2.90 kHz. Sampling period: 25 ps). (a) Three-phase currents. (b) Electromag-
netic torque 7. (c) Rotational speed wy. (d) Stator flux magnitude.

in these experiments. It can be seen that the torque and stator flux
magnitude can accurately track their reference values without
overshoot or cross-coupling effects with two control strategies
adopted. However, it is obvious that the three-phase current
distortions and torque ripples are reduced with the proposed
VAP-MPC applied.
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Fig. 19. Dynamic responses with the proposed VAP-MPC adopted when
load torque step changes from 8 to 12 N-m (Average switching frequency:
2.9088 kHz. Sampling period: 20 us). (a) Three-phase currents. (b) Electro-
magnetic torque 7. (c) Rotational speed wy. (d) Stator flux magnitude.

TABLE V
COMPUTATION TIME UNDER DIFFERENT ROTATIONAL SPEED w;, CONDITIONS

wy (r/min) tvap,n]ax (ps) tvap,min (,US) tvap,ave (NS) tfcs,ave (HS)
200 14.88 9.12 12.21 12.27
300 14.56 8.48 12.07 12.26
400 14.88 9.12 11.91 12.29
500 14.72 8.32 12.01 12.24
TABLE VI

COMPUTATION TIME UNDER DIFFERENT REFERENCE TORQUE
Te,ref CONDITIONS

Teret (N-m)  tvap,max (us) tvap,min (ps) tvap,ave (us) ttcs.ave (148)
7.5 13.28 7.84 10.35 10.70
10 13.25 7.04 10.38 10.73
12.5 13.28 7.81 10.24 10.71
15 13.22 7.87 10.27 10.70

D. Computational Burden Comparison

In order to compare the computational burden of the proposed
VAP-MPC and the conventional FCS-MPC, additional experi-
mental studies under different rotational speed and reference
torque conditions have been conducted and the corresponding
results are shown in Tables V and VI, respectively. For a fair
comparison, two strategies use the same sampling frequency
(i.e., 50 kHz) in the controller implementation. Additionally,
when the FCS-MPC is applied, the corresponding maximum,
minimum, and average computation time are almost the same.
Therefore, only the average computation time of FCS-MPC
method tfg ave 15 shown in the table.

Besides, in the proposed VAP-MPC, the expression of the
VAP t; can be obtained by means of off-line calculation based
on the PMSM system model. It is applied to the implementation
process to reduce the computational burden. Since a simplified
selection process based on adjacent voltage vectors is adopted
in the proposed VAP-MPC control strategy, the computation
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time will be the maximum value when the candidate voltage
vector group contains eight basic voltage vectors, while it will be
accordingly shortened when the candidate vector group contains
itself, its adjacent two active voltage vectors, and a zero voltage
vector. Furthermore, in the proposed control strategy, the action
period of optimal voltage vector is variable. In the case that
no switching action exists in the next sampling period (i.e.,
the present voltage vector will continue to act exceeding the
next sampling period), the optimal voltage vector selection and
its action period calculation process are not required, which
reduces the computational burden significantly. In this case, the
minimum computation time of VAP-MPC is obtained.

As shown in Table V, it is obvious that the average com-
putation time of FCS-MPC and VAP-MPC varies little under
different rotational speed conditions. Under the same operat-
ing condition, the maximum computation time of VAP-MPC
tvap,max 18 longer than the average computation time of FCS-
MPC tcs, ave, While the minimum value ¢ap min is shorter than
Lfes,ave- More importantly, due to the application of the simpli-
fied voltage vector selection process, the average computation
time of VAP-MPC ¢, ave reaches the same level as that of
FCS-MPC. From the obtained results shown in Table VI, the
same conclusion can be drawn.

VII. CONCLUSION

This article proposed a VAP predictive flux control strategy
for PMSMs. The mathematical model of PMSM is first devel-
oped. A cost function reflecting the stator flux error is, then,
constructed. Subsequently, the optimal voltage vector and its
corresponding action period are determined based on a two-step
cost function minimization. In addition, the digital implementa-
tion process of the proposed algorithm, including pursue prob-
lem and delay compensation, are explained in detail. Different
from the conventional FCS-MPC in which the action period of
selected voltage vectors is fixed to one sampling period, the
proposed method can obtain improved tracking performances
by regulating the action period of selected voltage vectors, as
well as the selection of optimal control action. This provides
an additional control freedom to reduce tracking ripples. The
superiority of the proposed control scheme is validated by
both experiments and comparison studies. Excellent dynamic
behaviors and enhanced steady-state tracking performances can
both be observed with the proposed method applied.
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