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Finite Control Set Model Predictive Current

Control of a Five-Phase PMSM with Virtual
Voltage Vectors and Adaptive Control Set

Wusen Wang, Ying Fan, Senior Member, IEEE, Siyu Chen and Qiushi Zhang

Abstract—This paper presents an improved finite control set
model predictive current control (FCS-MPCC) of a five-phase
permanent magnet synchronous motor (PMSM). First, to avoid
including all the 32 voltage vectors provided by a two-level
five-phase inverter into the control set, virtual voltage vectors are
adopted. As the third current harmonics can be much reduced by
virtual voltage vectors automatically, the harmonic items in the
cost function of conventional FCS-MPCC are not considered.
Furthermore, an adaptive control set is proposed based on voltage
prediction. Best control set with proper voltage vector amplitude
corresponding to different rotor speed can be achieved by this
method. Consequently, current ripples can be largely reduced and
the system performs much better. At last, simulations are
established to verify the steady and transient performance of the
proposed FCS-MPCC, and experiments based on a 2 kW
five-phase motor are carried out. The results have validated the
performance improvement of the proposed control strategy.

Index Terms—Adaptive control set, current ripple, finite
control set model predictive current control (FCS-MPCC),
permanent magnet synchronous motor (PMSM), virtual voltage
vectors.

I. INTRODUCTION

S an important role in multiphase machines, five-phase
permanent magnet synchronous motors (PMSMs) have
received much attention during the past decade [1-3].
Compared with three-phase PMSM, five-phase machines can
achieve the advantages of lower torque ripples, better
fault-tolerant capability and additional degrees of freedom
regardless of slight control complexity [4]. Therefore,
five-phase PMSM is more appropriate for high performance
conditions like electric vehicles (EVs) traction.
Model predictive control (MPC) is a kind of advanced
non-linear control algorithms for PMSM. Assuming that the
motor is controlled by a voltage source inverter, MPC can
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optimize the voltage output based on the system model in real
time. According to the difference of voltage output, MPC can
be divided into two categories, continuous control set MPC
(CCS-MPC) and finite control set MPC (FCS-MPC) [5-6].
CCS-MPC obtains the optimal voltage vector by taking
derivative of the cost function so that any voltage vector under
amplitude limit can be obtained by the inverter with pulse width
modulation (PWM) [7-8]. FCS-MPC utilizes the discrete
nature of inverters and usually enumerates all the alternative
voltage vectors and chooses one best output based on the cost
function [9-10]. Compared with CCS-MPC, FCS-MPC lists the
gate status of the inverter corresponding to every voltage vector
in the control set and controls the inverter directly without
PWM. Hence, the executive process can be simplified.

However, in FCS-MPC, the control set is discrete. Different
from synthesized vectors provided by PWM in CCS-MPC,
which are unlimited in directions, only countable voltage
vectors can be applied to the invertors. Consequently, the
ripples in electromagnetic torque or stator current will be larger
in FCS-MPC [11]. What’s more, all voltage vectors in the
control set of FCS-MPC should be judged by a cost function in
every control interval, which will lead to a heavy computational
burden for microcontroller compared with conventional control
strategies like field orient control (FOC) or direct torque control
(DTC). In multiphase motor control system, this issue will be
more severe as the control set is larger [12-13]. Therefore, the
main challenge of FCS-MPC is to reduce the torque ripple or
current ripple as well as the computational burden.

To reduce ripples, a feasible way is to enlarge the control set,
i.e., to increase voltage vectors. In [14], discrete space-vector
modulation (DSVM) is introduced into a FCS-MPC system to
offer more vectors to reduce torque ripple. Also,
deadbeat-direct torque and flux control (DB-DTFC) is applied
to obtain the location of the anticipating vector so that only
three voltage vectors need to be concerned in every control
interval rather than all in the control set. However, the usage of
DB-DTFC increases the computational burden which nullifies
the advantage of concerning only three vectors. In [15], a novel
FCS-MPC algorithm is proposed with current locus and
without cost function. The prediction is carried out with the
zero-voltage vector only instead of all the vectors in the control
set. As a result, the predicting time can be eliminated and
computational burden is reduced. In the five-phase motor
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control, FCS-MPC with virtual voltage vectors is proposed in
[16]. By adopting virtual voltage vectors, the third harmonics
can be restrained automatically and only 11 voltage vectors
need to be judged by cost function rather than 21 or even 31.
However, constant amplitude of the vectors is not appropriated
in all conditions, especially in low speed cases.

In this paper, an improved finite control set model predictive
current control (FCS-MPCC) algorithm for five-phase PMSMs
is proposed. Virtual voltage vectors are utilized in the algorithm
although the third harmonic items of the cost function is not
concerned and the cost function is simpler compared with [16].
Moreover, an adaptive control set method based on alterable
amplitude voltage vectors is included in the algorithm to reduce
the ripples in the stator current. This paper is organized as
follows. In Section II, the model of five-phase PMSM and
inverter are briefly introduced. Section III is where virtual
voltage vectors and conventional FCS-MPCC are described. In
Section IV, the proposed algorithm is analyzed in detail. And
then, simulations and experimental results are presented in
Section V. At last, conclusions are stated in Section V1.

II. MODEL OF FIVE-PHASE PMSM AND INVERTER

A. Model of Five-Phase PMSM

As the third harmonics is not included in the model
predictive control in this paper, only fundamental model of the
five-phase PMSM is discussed.

In the synchronous rotating d-q frame, the relationship
between stator voltage vq, v, and current iy, i, can be presented

b )
N

where R; is stator phase resistance, Ls and L, are inductance in
d-axis and q-axis respectively, . is rotor electric speed, and A,
is the flux linkage of permanent magnet.

In FCS-MPCC, the current prediction is based on motor
model and is executed in every control interval. To support this,
the motor model in (1) should be discretized. As the control
interval 7y is often short enough, forward Euler derivative is
used in the discretization to simplify the process. The discrete
model of five-phase PMSM is
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B. Model of Two-Level Five-Phase Inverter

In a two-level five-phase inverter, there are 32 kinds of
switching state and hence 32 voltage vectors can be obtained in
the fundamental plane as shown in Fig. 1(a). Every number
represents a voltage vector output of two-level five-phase

)

L)

inverter. Meanwhile, the corresponding voltage vectors in the
third harmonic plane are presented in Fig. 1(b).

(b) Voltage vectors in third harmonic plane
Fig. 1. Voltage vectors provided by two-level five-phase inverter.

III. CONVENTIONAL FCS-MPCC WITH VIRTUAL VOLTAGE
VECTORS

A. Virtual Voltage Vectors

In fundamental plane, Fig. 1(a), assuming that the DC
voltage is Ug, the vectors ending at the outermost decagon are
the large vectors with the length of 0.6472-Ug, the vectors
ending at the middle decagon are the middle vectors with the
length of 0.4-Uy., and the innermost are the small vectors with
the length of 0.2472-Uy.. As shown in Fig. 1, it is fortunate that
the large vectors and middle vectors in the fundamental plane
change into small vectors and middle vectors respectively in the
third harmonic plane. In addition, the large and middle vectors
with the same direction in fundamental plane has the opposite
direction when they become small and middle vectors in the
third harmonic plane. Consequently, the synthesized voltage
vector in the third harmonic plane can be limited to zero with
appropriate control of the voltage vectors in the fundamental
plane.

To guarantee that the voltage in the third harmonic plane is
zero, small vectors in the fundamental plane are not included
when gathering the control set of FCS-MPCC. Besides, the
active time of large vectors 7}, and middle vectors Tnis should
satisfy
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T, /T, =1.618. 3)
Therefore, the voltage vectors in the fundamental plane can be
simplified by using only 11 virtual voltage vectors with the
amplitude of 0.5527- Uy, as shown in Fig. 2.

Fig. 2. Virtual voltage vectors in fundamental plane.

B. FCS-MPCC with Virtual Voltage Vectors

In conventional FCS-MPCC with virtual voltage vectors, the
cost function is defined as

2 2 2 2
J:(’dlref "dl) +(’q1ref"q1) +(ld3ref_ld3) +(’q3ref"q3) )

where i1r and iqi.or are current references in the fundamental
plane, igsrer and ig3.er are current references in the third harmonic
plane, iq1 and i, are the predicted current in the fundamental
plane, ig3 and i3 are the predicted current in the third harmonic
plane. The control set consists of 11 virtual voltage vectors. In
every control interval, all the virtual voltage vectors are used to
predict the next-interval current and are judged by (4), then the
best vector are selected as the output of the inverter.

As the virtual voltage vectors can eliminate the third
harmonic voltage automatically, there is no need to judge the
third harmonic current in the cost function. Moreover, constant
amplitude of voltage vectors cannot adapt in all conditions and
can cause ripples in current or torque especially when rotor
speed is low.

IV. PROPOSED FCS-MPCC

To modify FCS-MPCC in a five-phase motor control system,
virtual voltage vectors are also utilized in this paper with the
cost function optimally designed and the control set to be
adaptive according to system state.

A. Delay Compensation

First of all, due to the discrete nature of FCS-MPCC and the
real control system, sampling and computing will occupy some
time and the derived control signal can drive the inverter only at
next control interval. Consequently, one control interval delay
exists and will cause vibration or even instability in the system.

To compensate the delay, system state at next control
interval should be predicted before dealing with FCS-MPCC.
The prediction can be carried out by using (2), in which i«(k),
ig(k), va(k), vy(k), and w.(k) are sampling results and is(k+17) and
ig(k+1) are the predicted stator current.

B. Cost Function
In FCS-MPCC, a cost function is used to judge the voltage

vectors and determines the performance of the system. As the
third harmonic voltage is reduced automatically by adopting
virtual voltage vectors, there is no need to include third
harmonic current items in the cost function. Therefore, the cost
function in the proposed FCS-MPCC is

T =iy (k+2)-i, (k+2)] +[i,., (k+2)-i, (k+2)]  (5)

where, iger (k+2) and igr (k+2) are current references at k+2
control interval, iz (k+2) and i, (k+2) are the predicted current at
k+2 control interval.

According to (2), the predicted current can be calculated by

{id (k+ 2)} _ { 1-RT /L, To,(k+ 1)}{1‘0, (k+ 1)}

i,(k+2)| |-To,(k+1) 1-RT /L, ||i, (k+1)

T;/Ld O vdser O
oo 1L v || T, (k1)L

where, vaer and vy, are voltage vectors in the control set. As the
control interval is short enough, rotor speed can be treated as a
constant during a control interval. Therefore, w.(k+1) = w.(k).

(6)

C. Adaptive Control Set

In a conventional FCS-MPCC with virtual voltage vectors,
the voltage vectors in control set keep constant in amplitude,
i.e., 0.5527-Us. However, this is the largest voltage that a
five-phase inverter can provide and when the rotor speed is
small, the back electromotive force is also small, a voltage
vector with the amplitude of 0.5527-U,. will be too large that
ripples will occur in the stator current. To solve the problem,
the amplitude of the voltage vectors should be variable and
adapt to different rotor speeds. A feasible way is to predict the
voltage vector based on rotor speed and decide the amplitude of
the voltage vectors in the control set before they are judged by
the cost function.

First, the rotor direction at next control interval is predicted.
As the rotor speed is constant during a control interval, the rotor
direction at next control interval is

0, (k+1)=0,(k)+o, (k)T %)

s
where, 6. (k) and 6, (k+1) are the rotor direction at current
interval and next interval respectively.
Second, the voltage vector at next control interval is

estimated by
Vdest (k+1) _ RS _Ld/7: _we (k)Lq idrqf (k+1)
Vo (k+1) || @, (k)L, R —L,JT, | i, (k+1)

: (®)
im0 g ke2)] [0
0 Lq/TZ‘ irm?f (k+2) @, (k)ipm
and it can be transferred to stator o-f frame
Ve (K1)
Ve (K+1)
~ {cos(&e (k+1)) —sin(6,(k+ 1))}{% (k+ 1)}

sin(6,(k+1))  cos(6,(k+1)) || v, (k+1)

. (9)
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Then, the amplitude of the estimated vector is

Vo (k+1) = v (k+1) 4, (k1) (10)
Third, define that K is an adaptive factor,
K=v, (k+1)/(0.5527~UdC). (1)

All the virtual voltage vectors should multiply by K before they
are judged by the cost function. And the adaptive control set is
constructed. It should be clarified that the transfer from
synchronous rotating d-q frame to stator a-f frame (9) is
actually not necessary in real control system as the amplitude of
voltage vectors will keep constant when doing the transfer. K
can be calculated with the amplitude of voltage vectors in
synchronous rotating d-q frame. The transfer (9) here is just to
present a more logical derivation.

Besides, to guarantee the transient performance, when i,
reference reaches the limit, which means either the speed
reference or the load torque is changed, the adaptive factor K
should take an extra increment. For example, K is equal to one
in transient state in this paper.

D. The Whole Proposed FCS-MPCC system

The proposed five-phase motor FCS-MPCC system, which
contains a speed loop and a current loop, is presented in Fig. 3.
The speed loop is controlled by PI regulator. The current loop is
based on the proposed FCS-MPCC. First, stator current at next
control interval is predicted and the adaptive control set is
obtained. Second, the anticipated stator current produced by
every voltage vector in adaptive control set is calculated.
Finally, the anticipated current is judged by cost function and
the best voltage vector is selected and output.

I S — ‘
Uoref Viref < _
m X m Calculate Adaptive Factor l ldg

Obtain Adaptive Control Set ’P{edlcl ig(k+1) and iy(k+1)

v v

|
|
|
|
|
|
|
| ’ Calculate the anticipated current ‘
|
|
|
|
|
|
|

¥

‘ Cost function

Five-
Phase
Inverter|

Proposed FCS-MPCC

Fig. 3. The proposed five-phase motor FCS-MPCC system.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation results

To simulate the proposed FCS-MPCC method of a
five-phase PMSM, the model shown in Fig. 3 and the algorithm
deduced in IV are established in MATLAB/Simulink. As a
comparison, the conventional FCS-MPCC presented in [16]
with virtual voltage vectors is also simulated. The coefficients
of the speed loop PI regulators in both models are the same with
K, =0.5 and K; = 0.9. The d-axis current reference is zero and
the g-axis current reference is the output of the PI regulators.
The DC voltage is set to 150V. The parameters of the
five-phase PMSM are listed in Table I.

Fig. 4 presents the simulation results of the conventional

FCS-MPCC. Stator current in synchronous rotating d-q
frame, iz and i,, phase current iscq, and rotor speed n are
analyzed. Generally, ripples are obvious in the stator current.
When the rotor speed is 300 r/min, iz ranges from -0.6A to 0.7A
and the THD of phase current is up to 20.2%. When rotor
accelerates to 600 r/min, the ripples are reduced with iy ranging
from -0.4A to 0.5A and the THD of phase current down to
17.5%. It can be inferred that in the conventional FCS-MPCC,
when rotor speed is low, the back electromotive force (EMF) is
small, a voltage vector with an amplitude of 0.5527-Uy, is too
large to perform well. However, when the speed is increased,
the back EMF becomes larger and a 0.5527-Ug. voltage vector
can perform better. In other words, a constant control set is not
suitable for the motor in many cases especially when the rotor
speed is low. However, at the transient state, conventional
FCS-MPCC shows satisfying performance, i, reference reaches
the upper limit quickly and holds until rotor speed reaches the
new reference.

Simulation results of the proposed FCS-MPCC are presented
in Fig. 5. Compared with the results of the conventional method,
the current ripple is reduced visibly. At 300 r/min, the ripple in
iq and i, can be ignored and the THD of phase current is only
3.40%. At 600 r/min, ripples in iy ranges from -0.05A to 0.25A,
and is 66.6% smaller than that in the conventional method. The
THD of the phase current increases a bit to 5.21%. Moreover,
considering the transient performance of the proposed
FCS-MPCC, when speed reference changes, i; reference
reached the upper limit just as the conventional method does.
The transient performance of the proposed method is not
weakened.

TABLE I
PARAMETERS OF THE FIVE-PHASE PMSM

Parameter Value
Rated Power 2 kW
Stator resistance 0.5Q
Rate rotor speed 1500 r/min
Rated torque 12 N'm
d-axis inductance 12.4 mH
g-axis inductance 14.3 mH
Flux linkage of PM 0.09 Wb
Rotational inertia 0.006 kg-m?

Friction factor 0.02 N'm-s/rad
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Fig. 4. Simulation results of conventional FCS-MPCC.
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Fig. 5. Simulation results of the proposed FCS-MPCC.
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B. Experimental results

To further verify the performance of the proposed
FCS-MPCC method, an experimental platform is constructed
with dSPACE1104. The system is shown in Fig. 6. The
platform contains a five-phase PMSM, a magnetic brake, a
dSPACE-computer control system, an inverter, an oscilloscope
and other necessary devices. To make comparison,
conventional FCS-MPCC is also experimental implemented.
The only difference of this two experiments is whether an
adaptive control set is included. The speed loop PI regulator,
DC voltage, control interval and load torque are the same.
Especially, the coefficients of the speed loop Pl are K, = 0.5 and
K;=0.9, the DC voltage is 150V, the control interval is 100us
and the load torque is 7N-m.

Fig. 7 shows the steady state of the conventional FCS-MPCC
and the proposed one. The rotor speed is 300 r/min. In
conventional algorithm, the ripples in iy and i; are more than 1A
and there is some vibration in current. In the proposed method,
the ripples in iy and i, are about 0.5A, and the system is stable
with no vibration. Therefore, the performance improvement of
the proposed predictive control is further verified. So when the
motor is operating at a low speed, a control set with voltage
vectors based on full DC voltage is not appropriate. The
adaptive control set corresponding to rotor speed can provide
performance improvement for FCS-MPCC.

The experimental results of transient state are presented in
Fig. 8. The rotor speed changes from 300 r/min to 600 r/min,
and the DC voltage is kept 150V. It can be confirmed that both
the proposed FCS-MPCC and the conventional method spend
80ms reaching the new speed reference. The extra increased
adaptive factor is feasible to improve the transient performance.
Besides, at 600 r/min, the current ripples in the proposed
FCS-MPCC are also smaller than that in the conventional
method, further validating the steady performance.

Fig. 6. Experimental platform of FCS-MPCC.
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(a) Conventional FCS-MPCC
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(b) Proposed FCS-MPCC.
Fig. 7. Experimental results at 300 r/min. 1 is iy, 2 is i;, 3 is phase current, and 4
is rotor speed. The time scale is 200 ms/div.
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Fig. 8. Experimental results of transient state. 1 is iy, 2 is iy, 3 is phase current,

and 4 is rotor speed. The time scale is 40 ms/div.

VI. CONCLUSION

In this paper, FCS-MPCC of a five-phase PMSM is analyzed.
The conventional five-phase FCS-MPCC is based on virtual
voltage vectors and its control set consists of 11 invariable
vectors with the amplitude of 0.5527-Uy.. It is not advisable to
apply an invariable control set in the FCS-MPCC especially
when rotor speed is low. Because a low speed leads to small
back electromotive force and small voltage vectors should
actually be used to control the motor. To solve the problem, this
paper proposes an improved five-phase FCS-MPCC strategy
with virtual voltage vectors and an adaptive control set. The
amplitude of the voltage vectors in the control set is predicted in
advance based on rotor speed and current references so that the
control set can provide suitable vector candidates for the cost
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function in every control interval. What’s more, to improve the
transient performance, an additionally increased amplitude is
adopted at transient state. Simulation and experimental results
illustrate that by using the proposed algorithm, the steady
performance of the proposed FCS-MPCC is largely improved
while the transient response is still fast.
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