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The servo system of a permanent-magnet synchronous motor usually consists of current, speed, and position loops. Compared with
conventional PI control, finite-control-set model predictive control (FCS-MPC) has the advantage of fast response. Conventional
FCS-MPC relies on the precise parameters of system model and has large current ripple. To address that problem, this paper
proposed an improved FCS-MPC based on duty ratio optimization in synchronous rotating reference frame. To get more precise
voltage vector, the proposed FCS-MPC selects the optimal vector combination and, respectively, calculates the time duration.
Moreover, feedback correction is also applied to improve the robustness of the control strategy. The simulation results validate

the effectiveness of the algorithm.

1. Introduction

Thanks to their advantages of high efficiency, high power
density, high reliability, and easy maintenance, permanent-
magnet synchronous motors (PMSMs) have been widely
used in some fields of high performance servo, including
industrial robots, numerical control machine, and aerospace.
In some occasions with high performance requirements, fast
torque response is often required to ensure the high dynamic
performance of the whole system. Presently, the control
structure of PMSM servo system often contains 3 loops,
which are current, speed, and position, respectively [1, 2]. The
3-loop control structure has the advantages of clear physical
meaning and easy settings of parameters. However, the per-
formance of current controller, in the inner loop, becomes a
critical factor that influences the whole control performance.

Predictive control is a kind of computer control algorithm
which develops from engineering. It has been implemented
successfully in industrial process control and enjoys universal
applicability. Being different from other control methods,
predictive control evaluates the influence of control variables
on the system and has faster dynamic performance compared

with PI control. Deadbeat predictive control, generalized
predictive control (GPC), predictive function control (PFC),
and finite-control-set model predictive control (FCS-MPC)
are all common predictive control methods [3, 4]. Specifically,
GPC consists of predictive model, rolling optimization, and
feedback correction [5]. Unlike GPC, the control variable of
PFC is a function constructed on process characteristics and
tracking setting value [6]. Both of them are good at dealing
with control constraints and multiobjective optimization,
but massive online calculation limits PFC’s wide application
in real time occasions. Compared with GPC and PFC, the
deadbeat predictive control has a simpler structure, since it
leaves out the rolling optimization and feedback correction.
It predicts the feedback value by taking the reference value
and actual value into the model of controlled plant. But
this control method is an open loop control. References [7-
10] have proposed different methods to improve the steady-
state performance of deadbeat predictive control, but those
methods have limited effect on some motors with strong
nonlinearities.

FCS-MPC is a new algorithm that combines the advan-
tages of model predictive control, heuristic intellectual
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FIGURE 1: Simplified model of PMSM drive system.

optimization, and power electronic modulation. It can con-
trol current and torque of a converter [11-14]. Conventional
FCS-MPC predicts current with 7 different voltage vectors
and selects the most optimized vector with a cost function. It
has faster response but larger current ripple [15]. A two-vector
FCS-MPC based on direct torque control, which calculates
the time duration of vectors, respectively, was put forward to
reduce the current ripple [16]. However, this method ignores
that the calculated time duration may exceed the whole
control period and that uncertainties of model can cause poor
steady-state performance.

This paper proposed an improved two-vector FCS-MPC
based on duty ratio optimization. It combines with vector
control and calculates the duty ratio of two voltage vectors on
the prerequisite of minimizing the cost function. Moreover,
the duty ratio is less than 1. Meanwhile, a feedback correction
is added to improve the robustness of the control strategy.
Simulation results show that the proposed method has better
steady-state performance and stronger robustness of current
loop compared with the conventional one.

2. Model Of PMSM

The simplified model of surface-mounted PMSM driven by
voltage source inverter in this paper is illustrated in Figure 1
and its mathematical model in synchronous rotating frame is
expressed as
. dig .
uy; =Ry + LdE - w,L i,
; )
q q dt

where u, u, represent the voltages of direct and quadrature
axes, respectively, i;, iq represent the currents, L4, L q are the
inductances, R, is the resistance, w, is the rotor speed, and y
is the stator flux. For the surface-mounted PMSM, we could
assume Ly =L, = L..

When the sampling time T is sufficiently small, we adopt
the Euler approximation for the stator current derivatives [11],

di i(k+1)—i(k)
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FIGURE 2: Voltage vectors and corresponding switching states.

Therefore, (1) can be discretized as

L
tg (k) = Reig (k) + 2 [i (k + 1) =iy (0)]
= w, (k) Lgi, (k)
L (3)
1y (k) = Ryig (k) + =2 [ig (k + 1) = i ()]

+ w, (k) [Lyig (k) + %]

3. Conventional Finite-Control-Set Model
Predictive Control

3-phase voltage source inverter has 8 different switching states,
which correspond to 8 basic voltage vectors. Among them,
there are 6 nonzero vectors and 2 zero vectors. As Figure 2
shows, the amplitude of the 6 active vectors is 2/3E (E is the dc
bus voltage) and the vector space is divided into 6 sections [7].

The discrete-time predictive model of PMSM can be
written as follows:

do do
. ud
. RT; . . (4)
p — 0's
i" (k+1)= (1 - L, )zq (k) = Tow,iy (k) -y, T
TS
+ L_ . Mq
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FIGURE 3: Control structure of model predictive control.

where i,f(k + 1) and i,”(k + 1) are the predictive current at
(k + 1)th instant, i4(k), iq(k) are the actual values of current
at kth instant, and R, L 45, and L, are the nominal values of
resistance and inductance.

Figure 3 shows the control scheme of conventional FCS-
MPC, where the stator current components are predicted by
the discrete-time predictive model. The voltage vector that
minimizes the cost function is selected out from the 8 voltage
vectors generated by the inverter and applied during a whole
sampling interval [11].

Current control aims to minimize the error between
reference current and actual current while keeping stator
current below the maximum amplitude of current. These
objectives can be expressed as the following cost function
(11, 12]:

g =i G+ D) +[i)" 0 —i,f (k+ D]
(5)
+ f (1" (k+1),i,F (k+ 1))

where the first item denotes the minimization of the reactive
power, the second item is for precision tracking of the torque-
producing current, and the last item is a nonlinear function
for limiting the amplitude of the stator current. This function
can be expressed as [12]

s 0 [ig?| < igmex ad || < iy
i) = . . . . (6)
00 |ig?] > igmax OF 'zq‘”' > g max

where iy, and i, are the maxima allowed for the
amplitudes of d, q axis currents, respectively. On the one
hand, if the predictive stator currents are below the limits,
the cost function comprises only the first two items and
the voltage vector that minimizes the current error will be
selected. On the other hand, if a given voltage vector generates
predictive currents with magnitudes higher than i, or
i;max> the cost function will be infinitely great, and in turn
the voltage vector will not be selected.

Given that the change of the high frequency switching
states of an inverter will harm the steady-state performance
of system, another constraint is imposed on the cost func-
tion to reduce the number of commutations of the power

switches and minimize the switching losses. Therefore, the
cost function should include an item that covers the number
of switches that change [11] when the switching state S(k) is
applied, with respect to the previously applied switching state
S(k — 1); that is,

g=1li G+ DI + i ®) ~i? (k+ D]’
7)
+ f (i (k+1),0f (k+ 1)+ An

where A is the weighting factor and » is the number of
switches that change when switching state S(k) is applied. The
switching state vector S is defined as

§=(55255) (8)

where S,, S,, S; represent the states of a switch and only have
two values, one or zero; then the number of switches that
change from S(k — 1) to S(k) is

N
n=Y 1S, (k) - S, (k1)
x=1

)
=[Sy (k) = §; (k= D] +S, (k) = S, (k - 1)

185 (k) = S (k= 1)

The influence of different values of the weighting factor A
on the switching frequency is shown in Figure 4.

It can be seen that current ripple reduces when A
improves, but the result is still not desirable for engineering,
because only one voltage vector is applied in each control
period, and when the predictive currents of the 8 vectors
are unable to minimize the cost function, steady-state error
appears.

4. Two-Vector FCS-MPC Based on Duty
Ratio Optimization

In order to solve the problem caused by inaccurate voltage
vector selection of conventional FCS-MPC, this paper pro-
poses a two-vector FCS-MPC based on duty ratio optimiza-
tion, which is an improvement to the conventional one. The



55 T T T T

Iq (A)

Mmﬂﬂmﬂﬂ ﬂn
U
45 L L

0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.

t(s)
(a)

1

Mathematical Problems in Engineering

Iq (A)

4.5
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
t(s)
(b)

FIGURE 4: Influence of different A on current wave for (a) A = 0.5 and (b) A = 0.8.
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F1GURE 5: Control structure of two-vector FCS-MPC with duty ratio optimization.

proposed method uses the combination of two voltage vectors
as the control set instead of only one vector [17]. In each
control period, switching pulses can be generated according
to the two vectors after calculating the duty ratio. The control
scheme is shown in Figure 5.

Three situations of vector selection are considered,
including two zero vectors, two nonzero vectors, one zero
vector, and one nonzero vector. When the two vectors
selected are the same, the control effect is the same as that
of conventional FCS-MPC.

Similar to conventional FCS-MPC, the first active vector
u, is selected by minimizing the cost function (7). To reduce
complexity and avoid high switching frequency, the switching
state should change only once in each control period. Hence,
the second vector will be among adjacent vectors to u, or zero
vector. For example, if u, is selected as u;(100), the second
vector should be selected among u,(110), us(101), and
1, (000). For a determined vector u,, there will be always three
candidates of the second vectors, which means that 6x3 = 18
combinations are calculated [16] in the proposed method.
The second vector’s selection and duty ratio’s calculation will
be elaborated as follows. It is an effective method to directly
compute the time duration of each vector in the condition of
minimizing the cost function [17]. But with this method, the
calculated time may exceed the whole control period, so the
proposed control strategy uses the cost function to optimize
duty ratio.

Assumed that u, is the first optimized vector and we get
its duration time as follows:

t,=cx* T, (10)

where ¢, is the duration time of u,, c is the duty ratio in one
control period. If the second vector is uy, the applied voltage
vector will be

(11)

Taking the quadrature axis as an example, the voltage
equation of PMSM is

ug =cTu, + (1 -c)Touy

iy (k+1) —i, (k)

u, (k) = Ryig +L T

+ L ow,iz (k)
q0 q0%etd (12)

+ T"l// f we
Here,

u

q = Tstigg + (1 =) Touy,

(13)

where u,, and w,, represent the voltages converted by inverse
Park transformation of g axis.

Considering (11), minimizing cost function (7) is equiva-
lent to solving the following function:

d

) _,
dc

From (11) to (14), the optimal duty ratio can be derived as

(14)

igerr x (uaq - ubq) —iderr x (ugg — tpy)
c =
2

(uad - ubd)2 + (uaq - ubq) (15)

(Tsz/LdO) (uud - ubd) Upyg + (Tsz/LqO) (uaq - ubq) l’lhq

2 2
(uad - uhd) + (uuq - uhq)
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FIGURE 6: Steady-state current wave of two-vector FCS-MPC.

where u,; and uy,; are the voltage converted by inverse Park
transformation of d axis, igerr = i," — (1 - RyTy/Ly) +i,, and
iderr = (1 = RyT/Lyp) - ig + Towig.

After two vectors and duty ratio are determined, to ensure
the least switching transitions, the control sequence of voltage
vector in the present control period should take last control
period into consideration: for example, if the last vector
applied during the last control period is uy(000), and the
vectors to be applied in present control period are u,(110)
and u;(010). In this case, u;(010) will be applied first instead
of u,(110). The steady-state current wave of two-vector FCS-
MPC is shown in Figure 6.

Therefore, there are two points in two-vector FCS-MPC.
One is to select two optimal vectors and the other is to
calculate the duty ratio. The objective of them is to minimize
the cost function.

4.1. Feedback Correction. According to the classic theory
of model predictive control, feedback correction should be
added to make the control system a closed loop. Therefore,
the proposed two-vector FCS-MPC is further improved by
feedback correction [14].

Assume the current error of g axis at (k + 1)th instant is e

etk+1) =i (k+1)—i, (k+1) (16)

where iqp (k + 1) is the predictive value, and e(k + 1) should
be approximately equal to e(k) because the value at (k + 1)th
instant cannot be obtained.

e(k) = i? (k) — iy (k) 17)

where iqp (k) is the predictive current of the last instant. If
the sampling time is sufficiently small, the error could be
considered as a constant in the prediction period; then the
compensated predicted current i qc can be expressed as

iy  (k+1) =if (k+1) + he (k) (18)

where £ is the coefficient of feedback. Finally, the predictive
current with feedback compensation will be applied into the
cost function to select the most optimized voltage vector
combination.

Still, taking the quadrature axis as an example, when the
cost function reaches a minimum value, it will satisfy the
necessary condition (14). Then i,”(k + 1) can be derived by
combining (18) with (14),

[i," (k) + hiy (k)] z
z+h

(19)

if (k+1)=

By taking (19) into the predictive model, the transfer function
between reference current and actual current can be obtained
as

iy (2)
i," (2)
(20)
_ (qu/Lq) z’
22+ [Lyg/Ly+ (1= Ly/Ly)h=1]z+(Ly/L,—1)h
When h = 0, the transfer function becomes
ig(2) (Lpo/L,)z o

i5(2)  z+(Ly/L,) -1

According to Jury stability criterion, the stability condition
can be derived as

0<@ 2-2h

<—
L, 1-2h

And Figure 7 shows the root locus of the poles as L /L,
varies.

It can be seen from Figure 7 that, for a specified A,
the system is at a critical stable point when the inductance
variation exceeds the range of (22). Meanwhile, smaller h
allows a higher degree of inaccuracy of inductance which
improves the robustness of the system. It should be also noted
that all the poles and the zeros cancel when L /L, = 1, and
thus, an ideal model predictive control is obtained.

The control structure of the closed current loop with
feedback correction is shown in Figure 8.

(22)

5. Simulation Study

In this section, the proposed two-vector FCS-MPC based on
duty ratio optimization is simulated in the environment of
MATLAB/Simulink. The performances of conventional FCS-
MPC, two-vector FCS-MPC, and two-vector FCS-MPC with
feedback correction will be compared in detail. To verify the
validity of the proposed method, the PI parameters of speed
loop adopted in each control strategy are the same. Motor
parameters in simulation are rated power 400 W, rated speed
3000 rpm, stator resistance 2.35 (), inductance Ly = L, =

0.007 H, poles 4, and inertial 6.5 x 10~ kg-m*.

A comparative study of conventional FCS-MPC, two-
vector FCS-MPC, and PI control is carried out in Figure 9,
where the reference current is a step signal and the load is
4 N.m. The PI controller could be written as PI(z) = K, +
K;/(z — 1), where K, and K; are PI parameters. Besides,
the feedforward compensation is also introduced in the PI
control to eliminate the coupling of the dg axes, and the
control law could be written as

uy (2) = PI(2) [ij (2) —ig (2)] = L, (2) iy (2),

Hdo Feedforward

u, (2) = PI (2) [i; (@) - i, (2)] 23)

Uu,

q0

+ L gw, (2)i, (2) + y 5w, (2).

Feedforward
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With the feedforward compensation based PI control, the
PMSM current can be written as

K, (z-1+K,/K,) T,
fa (=) = z-1 Ly(z-1+RT,/Ly)
(24)
K, (z-1+K,/K
i) (2) = p(z-1+Ki/Ky) T,

z-1 L,(z-1+RT,/L,)

It can be seen that the PI controller could cancel the pole of
PMSM when K;/K, = R/T/Lg/q0- Thus, in the simulation,
we firstly set K, = 24 and K; = 0.8 to cancel the pole,
and the closed-loop bandwidth is about 550 Hz. However,
those parameters would lead to overshoot and oscillation.
Then we have tuned PI parameters by trial-and-error around
the calculated values, and best value of the PI controller
is K, = 15and K; = 0.8, which are adopted in the
simulation.

We can see that the current ripple is definitely larger
than that of two-vector FCS-MPC based on duty ratio
optimization, while the response of conventional FCS-MPC
is slower. Besides, the PI controller is also slower than the

proposed scheme. Furthermore, the 3-phase current wave
shows that the wave of the proposed FCS-MPC gets closer
to a sine wave that is needed in a PMSM. Also, their
torque performances are compared in Figure 10, where the
machine runs at 1000 rpm and a step torque from 1 N.m to
5 N.m is applied. The results reveal that conventional FCS-
MPC is unable to achieve satisfactory control performance
when the load suddenly changes at 0.2 s due to the reason
mentioned in Section 2, but the proposed FCS-MPC has
better performance.

Additionally, the proposed FCS-MPC with feedback cor-
rection has better steady-state performance and robustness.
The comparative results are illustrated in Figures 11 and
12, where the nominal inductance is twice as much as the
actual inductance and the machine runs at 3000 rpm and
starts without load. They indicate the validity of feedback
correction. It can be seen from Figure 11 that the steady-state
error decreases as h increases. And when / increases to a
value, overshoot and delay will appear. Therefore, h should
be determined by adjusting.

6. Conclusion

Due to the application of only one voltage vector during one
control period in conventional FCS-MPC, there are always
large current ripple and poor steady-state performance. To
tackle this problem, the present paper proposed a two-
vector FCS-MPC based on duty ratio optimization and
the duty ratio is below 1, which also solves the problem
of invalid time duration calculated in the existing algo-
rithm. Moreover, the uncertainties of model parameters
will also influence control performance of FCS-MPC, so
the proposed method introduced a feedback correction to
improve the robustness. Simulation is carried out to ver-
ity the effectiveness of the proposed method. The results
show that the proposed method exhibits smaller current
ripple and better steady-state performance and is easy to
implement.
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