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Abstract—Conventional finite control set-model predictive con-
trol (FCS-MPC) applies single voltage vector within each control
period. This leads to relatively high steady state ripples and
demand of fast sampling rate. Additionally, enumeration-based
optimal vector selection is computationally intensive. Recently,
double-vector-based schemes have been widely investigated to
improve steady state performance of FCS-MPC. However, they
are usually complicated in vector selection and duty ratio
calculation. In this paper, a universal multiple-vector-based MPC
(UMV-MPC) is proposed, which offers an efficient and flexible
way to achieve the same performance as several existing methods.
Unlike conventional FCS-MPC, enumerating process and state
predictions for candidate voltage vectors are not required in the
proposed UMV-MPC to select best voltage vectors. In UMV-
MPC, optimal vectors and duty ratios are directly constructed
from deadbeat predictive control based on space vector modula-
tion (SVM), providing a simple and effective method for vector
selection and duty ratio optimization. Theoretical analysis as well
as simulation and experimental tests on a 2.2 kW induction motor
(IM) drive are demonstrated to validate the effectiveness of the
proposed UMV-MPC.

Index Terms—Induction motor, model predictive control, dou-
ble vector, deadbeat control

I. INTRODUCTION

FCS-MPC has become an attractive scheme in the control of
power converters and motor drives [1]–[5]. Conventional FCS-
MPC applies single voltage vector during one control period
[6]. As an inverter can only provide limited discrete voltage
vectors, using only those basic vectors hardly satisfy control
objectives. Hence, relatively high torque ripples and varying
switching frequency can be observed when compared with
control schemes using a modulator [7]–[9]. Additionally, fast
sampling rate is generally required in FCS-MPC for satisfac-
tory steady-state performance, imposing high computational
burden on digital processor. To address these issues, many
schemes have been proposed.

To improve steady performance of FCS-MPC without in-
creasing sampling frequency, many schemes investigate em-
ploying two voltage vectors in one control period. Usually,
an active voltage vector and a null vector are chosen in
those methods [10]–[12]. The duty ratio of selected active
voltage vector can be optimized to reduce torque ripple [10],
minimize tracking error [11], etc. Results in these studies
confirm better performance of applying two voltage vectors
within one control period. However, restricting the second
voltage vector as a null vector does not always lead to optimal
performance. Hence, improved double-vector based MPCs
relax this limitation to include two active voltage vectors [5],
[8]. Performance are further improved especially at high speed

region when the second voltage vector is not constrained. On
the other hand, if common-mode voltage is one of the major
concern, selected vectors should be restricted as two active
voltage vectors [13]. Compared with conventional FCS-MPC,
those double-vector based MPCs are more computational
intensive due to additional calculation of vector’s duty ratio
and much more state predictions may need to be calculated
[8].

Apart from performance improvement, there are also many
methods were proposed to reduce complexity of FCS-MPC.
Most schemes focus on how to simplify the process for vector
selection without enumerating all available voltage vectors.
The methods can be generally classified into two groups. The
first group excludes undesired vectors based on some heuristic
schemes. In [14], only three vectors need to be evaluated with
cost function by considering the sign of torque or flux devia-
tion. Similarly in [15], only part of available voltage vectors
satisfying sliding-mode stable conditions are preselected and
the others are excluded in the prediction process. To reduce
switching frequency and prevent high voltage jump between
two consecutive control periods, candidate vectors can also be
preselected so that there is less than one switch change in each
sampling period [16]. The other group is to reduce candidate
vectors by finding sector distribution where the optimal voltage
vector lies in. In [17], [18], reference voltage that forces cost
function to be zero is calculated to find the sector which
contains the optimal voltage vector. After finding the sector,
only 2 or 3 voltage vectors are necessary for cost function
evaluation. Hence, the computational load can be significantly
reduced. Similarly, tracking error of predicted stator flux vector
[19] and negative conjugate of complex power [1] can also be
utilized to determine the sector which can refine the range of
vector selection.

However, few research investigates simplifying the com-
plexity of double-vector based MPCs, which can provide better
steady-state performance. In [19] and [20], two vectors are
selected as an active voltage vector and a zero vector. In both
methods, the best active voltage vector can be fast determined
without enumerating process for cost function minimization.
As mentioned previously, the combination of active voltage
vector and zero vector is not always the optimal choice.
Hence, these methods need to be extended for more general
application. Additionally, though the number of candidate
vectors is reduced, state predictions are still required to
minimize the cost function in some previous schemes [14],
[17]. Namely, the best voltage vectors and their duty ratios
can not be directly obtained with one step prediction. In this
paper, the aforementioned issues will be addressed. A universal
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multiple-vector-based MPC (UMV-MPC) is proposed, which
can directly determine the best voltage vectors and their corre-
sponding duty ratios without any state prediction for discrete
voltage vectors. With different configuration, two selected
voltage vectors can be an active vector together with a zero
vector or both active vectors. Furthermore, its equivalence with
conventional enumeration based vector selection is validated
by theoretical analysis. Hence, the control performance would
not be compromised as the simplified scheme is exactly the
same as the original algorithm.

The proposed UMV-MPC is based on deadbeat torque and
flux control. Different from [17] and [18], which only apply
single vector in one control period, the proposed method can
achieve double-vector based MPC. Thus, better performance
can be expected. Additionally, the process for vector selection
is further simplified and complicated state predictions for
candidate voltage vectors are completely avoided. It is found
that if only tracking error is considered in the cost function,
the optimal voltage vectors and their duty ratios can be directly
reconstructed from DBPC based on SVM. Hence, the study
shown in this paper not only introduces a low-complexity MPC
method but also reveals its inherent relationship with DBPC
under some circumstances. The effectiveness of the presented
methods are validated by theoretical analysis, simulation and
experimental tests on a IM drive platform.

II. DYNAMIC EQUATIONS OF IM

A. Dynamic Model of IM

The dynamic equations of IM in an arbitrary reference frame
can be expressed as [21]:

us = Rsis +
dψs

dt
+ jωkψs (1)

0 = Rrir +
dψr

dt
+ j (ωk − ωr)ψr (2)

ψs = Lsis + Lmir (3)
ψr = Lmis + Lrir (4)

where, ωk is rotating speed of the reference frame; us,
is, ir, ψs and ψr are the stator voltage, stator current,
rotor current, stator flux linkage and rotor flux linkage vector,
respectively; Rs, Rr, Ls, Lr and Lm are the stator resistance,
rotor resistance, stator inductance, rotor inductance and mutual
inductance, respectively; ωr is the rotor speed.

In stationary reference frame (ωk = 0), the state space
model of IM can be rearranged as [22]:

dx

dt
= Ax+Bu (5)

where x =
[
is ψs

]T
are state variables; u = us is the

stator voltage vector and

A =

[
−λ(RsLr +RrLs) + jωr λ(Rr − jLrωr)

−Rs 0

]
B =

[
λLr

1

]
λ = 1/

(
LsLr − L2

m

)

In digital implementation, discretization of (5) is required to
predict torque and flux for a given voltage vector. In this paper,
the Heun’s method [23], which can achieve higher accuracy
than first-order Euler method, is employed to obtain discrete
state space model of IM as following:{

xk+1
p = xk + Tsc(Ax

k +Buk
s)

xk+1 = xk+1
p + Tsc

2 A(xk+1
p − xk)

(6)

where Tsc is control period, xk+1
p is predictor-corrector of

state vector; xk+1 =
[
ik+1
s ψk+1

s

]T
is predicted vector

of stator current and stator flux at (k + 1)th instant.
The rotor flux at (k + 1)th instant can be computed from

predicted states xk+1 as:

ψk+1
r =

Lr

Lm
ψk+1

s − 1

λLm
ik+1
s , (7)

Then, the electromagnetic torque can be calculated as [24]:

T k+1
e =

3

2
NpλLm(ψk+1

r ⊗ψk+1
s ). (8)

where, ⊗ represents cross product of two vectors and Np is
the number of pole pairs.

B. Flux Estimation

To obtain the information of stator flux, a closed-loop full
order observer is adopted in this paper. This kind of observer
can achieve good accuracy over a wide speed range and
presents good robustness against machine parameter varia-
tions. The mathematical model of the observer is expressed
as [24]:

dx̂

dt
= Ax̂+Bus +G(is − îs). (9)

G = −
[

2b
b/(λLr)

]
, (10)

where x̂ =
[
îs ψ̂s

]T
are estimated state variables in-

cluding stator flux and stator current. A constant matrix G is
employed for better performance and b is a negative constant
[24]. More details about this observer can be found in [24]
and not repeated here.

III. PRINCIPLE OF THE PROPOSED MPC

Fig. 1 shows the control diagram of UMV-MPC. A PI
controller is used to regulate rotor speed, from which the
torque reference can be obtained. Stator flux is estimated by
a full order observer which is demonstrated in Section II-B.
Other details will be introduced in the following text.

A. Deadbeat Control of Torque and Flux

In [5], torque reference T ref
e and flux magnitude reference

ψref are equivalently converted into the reference of stator
flux vector ψref

s . Then, a cost function only contains tracking
error of stator flux vector as shown in (11) is minimized to
select the best voltage vector.

J =
∣∣∣ψref

s −ψk+2
s

∣∣∣ (11)
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Fig. 1. Control diagram of the proposed MPTC.
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Fig. 2. Voltage vectors of a two-level inverter.

where flux error at (k + 2)th instant is evaluated in the cost
function to compensate one-step delay in practical application.
One merit of using cost function (11) is that weighting factor
is not required to achieve simultaneous control of torque and
flux magnitude [25]. Basic principle of obtaining ψref

s can be
summarized as follows.

1) Predicting stator current ik+1
s and stator flux ψk+1

s

according to discrete-time model (6).
2) Calculating rotor flux vector ψk+1

r according to (7) with
predicted ik+1

s and ψk+1
s . Then, rotor flux ψk+2

r can be
predicted as

ψk+2
r = ψk+1

r +Tsc

[
Rr

Lm

Lr
ik+1
s −

(
Rr

Lr
− jωk

r

)
ψk+1

r

]
(12)

3) Converting T ref
e and ψref into reference of stator flux

vector ψref
s with predicted ψk+2

r as

∠ψref
s = ∠ψk+2

r + arcsin

(
T ref
e

3
2NpλLm

∣∣ψk+2
r

∣∣ψref

)
ψref

s = ψrefej∠ψ
ref
s (13)

After calculating stator flux vector ψref
s , deadbeat solution

can be obtained by forcing stator flux to reach its reference at
the end of next sampling period. From (1), the stator voltage
vector reference in stationary frame (ωk = 0) can be derived
as

uref
s = Rsi

k+1
s +

ψref
s −ψk+1

s

Tsc
(14)

For two-level inverter-fed IM drives, there are eight switch-
ing states (six active voltage vectors u1,2,...,6 and two null
vectors u0,7), as shown in Fig. 2. Based on principle of space
vector PWM (SVPWM), uref

s in sector m (m = 1, 2...6)
can be synthesized by two adjacent active voltage vectors
um, um+1 and a null vector v0 [26]. Additionally, vectors’
duty cycles d1, d2, d0 should satisfy the following equation:

uref
s = umd1 + um+1d2 + v0d0 (15)

As a example shown in Fig. 2, if uref
s is located in sector 1,

two active voltage vectos are u1 and u2. The duty ratios can
be calculated as

d1 =

√
3
∣∣uref

s

∣∣
Udc

sin(60◦ − α) (16)

d2 =

√
3
∣∣uref

s

∣∣
Udc

sinα (17)

d0 = 1− d1 − d2 (18)

where α is the angle between uref
s and u1; Udc is DC link

voltage.
ψk+2

s in cost function (11) can be calculated as

ψk+2
s = ψk+1

s + Tsc(u
k+1
s −Rsi

k+1
s ) (19)

According to (14) and (19), (11) can be rewritten as

J =
∣∣∣ψref

s −ψk+2
s

∣∣∣
= Tsc

∣∣uref
s − uk+1

s

∣∣ (20)

From (20), it is clear that minimizing tracking error of stator
flux is equivalent to minimizing voltage error. Based on this
point, some tricks can be developed to determine the best
voltage vector without enumerating process, which will be
described in the following text.
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B. Vector Selection and Duty Ratio Optimization

After obtaining uref
s , SVPWM is normally used to syn-

thesize the desired voltage. However, one [18], two [5] or
three voltage vectors [27] can also be applied in one control
period to minimize the tracking error. Many prior studies have
applied two voltage vectors in one control period because of
its satisfactory control performance [8], [28]–[30]. However,
they are usually complicated in vector selction and duty ratio
optimization. In the proposed UMV-MPC, the optimal vectors
and duty ratios can be easily obtained without further state
predictions after calculating uref

s . The detailed procedure is
illustrated as follows.

Based on classic SVPWM [26], once uref
s is obtained, two

adjacent active voltage vectors um, um+1 and a zero vector
can be determined and their duty ratios can be calculated
according to (16)-(18). The summation of each two duty cycles
can be computed as:

sum12 = d1 + d2

sum01 = d0 + d1

sum02 = d0 + d2

(21)

After calculating sum12, sum01 and sum02, the maximum
one needs to be found. If sum12 is the maximum, two active
vectors um, um+1 will be the best combination to minimize
the cost function (20). Moreover, their duty cycles can be
directly reconstructed as:{

d
′

1 = d1 + 0.5d0

d
′

2 = d2 + 0.5d0
(22)

Similarly, if sum01 is the maximum, an active vector um

and a zero vector v0 will be the best combination to minimize
the cost function (20), and{

d
′

1 = d1 + 0.5d2

d
′

0 = d0 + 0.5d2
(23)

If sum02 is the maximum, an active vector um+1 and a
zero vector v0 will be the best combination to minimize the
cost function (20), and{

d
′

2 = d2 + 0.5d1

d
′

0 = d0 + 0.5d1
(24)

It can be seen that the vector selection and duty ratio
optimization here are very simple. Neither state predictions
for candidate voltage vectors nor evaluation of cost function
is required. The validity of the proposed vector selection and
duty ratio optimization will be analyzed in the next section.

C. Switching Frequency Reduction

To reduce switching frequency, if one of two vectors is a
zero vector, u0(000) or u7(111) which produces less switch-
ing jumps is selected. For example, if u2(110) and u0(000)
are determined as the optimal vectors, u0(000) should be re-
placed by u7(111). If switching frequency needs to be further
reduced, vector sequences can be adjusted [28]. For example,
if u3(010) is applied till the end of the kth control period,

2v

1v
0v

1 2-v v0u
1u

2u

ref
su

B

A

O

Fig. 3. Voltage error for different vector combinations.

and the vectors to be applied during (k + 1)th control period
are u2(110) and u3(010), then u3(010) instead of u2(110)
will be firstly applied to decrease switching transitions.

The above strategy does not change the dynamic behavior
of UMV-MPC obviously, but may influence steady-state be-
havior. Comparative study will be carried out in Section VI-D.

IV. ANALYSIS OF UMV-MPC
A. Validity of Vector Selection and Duty Ratio Optimization

In section III-B, detailed vector selection and duty ratio op-
timization for the proposed UMV-MPC have been introduced.
In this section, theoretical analysis will be provided to confirm
the validity of the proposed schemes. A equilateral triangle
area 4OAB made up of v1,v2,v0 is shown in Fig. 3. Due
to symmetrical distribution of voltage vectors in a two-level
inverter, the following analysis based on Fig. 3 is validated for
all sectors shown in Fig. 2.

In Fig. 3, uε0, uε1, and uε2 are minimum voltage er-
rors resulting from vector combination (v1,v2), (v2,v0) and
(v1,v0) respectively. As perpendicular distance from a point
to a line is the shortest distance from a fixed point to any point
on a fixed line, uε0, uε1 and uε2 are perpendicular to three
sides of the triangle shown in Fig. 3.

For vector combination (v1,v2), assuming the optimized
duty ratios of v1 and v2 are dv1 and dv2 respectively, then the
optimal voltage uopt synthesized by (v1,v2) is

uopt = dv1v1 + dv2v2

= dv1v1 + (1− dv1)v2 (25)

Additionally, uε0 can be synthesized by (v1,v2) as

uε0 = k1v1 + k2v2 (26)

Considering uε0 is perpendicular to the side AB, the following
equation holds

uε0 � (v1 − v2) = 0 (27)

Based on (26) and (27), k1 and k2 can be solved as

k1 = k2 (28)
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As uε0 is the difference between uref
s and uopt, the following

equations can be derived based on (15) and (25) as

uε0 = uopt − uref
s (29)

= (dv1 − d1)v1 + (1− dv1 − d2)v2 (30)

From (26), (28) and (30), the relationship between dv1 and d1,
d2 can be obtained as:

dv1 = 0.5(1 + d1 − d2)
= d1 + 0.5d0 (31)

After obtaining dv1, dv2 can be derived as

dv2 = 1− dv1
= d2 + 0.5d0 (32)

Namely, dv1 and dv2 can be reconstructed as{
dv1 = d1 + 0.5d0

dv2 = d2 + 0.5d0
(33)

where, d1 and d2 are calculated with uref
s based on SVPWM

as shown in (16)-(18). From calculated dv1 and dv2, uε0 can
be obtained according to (30) as

uε0 = 0.5d0(v1 + v2) (34)

Considering

|v1| = |v2| =
2

3
Udc (35)

d0 = 1− d1 − d2 (36)

the amplitude of uε0 can be calculated as

|uε0| = [1− (d1 + d2)] ·
√
3

3
Udc (37)

Omitting tedious deduction process, the following equations
can also be obtained in a similar way for vector combination
(v1,v0) as

uε1 = 0.5d2(v1 − 2v2) (38)

|uε1| = [1− (d1 + d0)] ·
√
3

3
Udc (39)

And, {
dv1 = d1 + 0.5d2

dv0 = d0 + 0.5d2
(40)

Similarly, for vector combination (v2,v0), the correspond-
ing voltage error uε2 is

uε2 = 0.5d1(v2 − 2v1) (41)

|uε2| = [1− (d2 + d0)] ·
√
3

3
Udc (42)

And, {
dv2 = d2 + 0.5d1

dv0 = d0 + 0.5d1
(43)

Comparing the result of voltage errors uε0, uε1, and uε2

shown in equations (37), (39) and (42), it is clear that the
maximum value among sum12, sum01 and sum02 as shown

TABLE I
OPTIMAL VECTORS AND DURATION TIME

Maximum value Optimal vectors Optimal duty cycles

sum12 (v1,v2) d1 + 0.5d0, d2 + 0.5d0
sum01 (v1,v0) d1 + 0.5d2, d0 + 0.5d2
sum02 (v2,v0) d2 + 0.5d1, d0 + 0.5d1

TABLE II
VECTOR SELECTION FOR SINGLE-VECTOR FCS-MPC

Maximum value Optimal vectors Duty ratio

d1 v1 1
d2 v2 1
d0 v0 1

TABLE III
VECTOR SELECTION FOR DUTY-MPC

Maximum value Optimal vectors Optimal duty cycles

sum01 (v1,v0) d1 + 0.5d2, d0 + 0.5d2
sum02 (v2,v0) d2 + 0.5d1, d0 + 0.5d1

in (21) leads to minimum tracking error of voltage. Hence, the
vector selection method based on comparing the summation of
duty cycles presented in section III-B can accurately pick out
two best voltage vectors. Additionally, duty ratios calculated
in (22), (40) and (43) are in accordance with theoretical
results shown in (33), (40) and (43). The proposed method
can be summarized in Table I. As shown in Fig. 2, v1 and v2
represents um and um+1 when uref

s is located in sector m.
v0 is a null vector, which should be selected between u0 and
u7 to avoid high switching jumps, as stated in section III-C.

B. Relationship and Comparison With Other MPCs

For single-vector based FCS-MPC [25], [31], it is only
required to find the maximum duty ratio among d1, d2, d0.
The voltage vector corresponding to maximum duty ratio is
the best one minimizing cost function (20). The method for
single vector selection is summarized in Table II. As only
one step prediction with some logical operation are required
to determine the best voltage vector, the proposed scheme is
much simpler compared with methods based on enumerating
process with state predictions for all candidate vectors.

In [10], [11], [19] and [20], two vectors are constrained as
an active voltage vector and a zero vector. For convenience,
such methods are named as Duty-MPC in the following text.
For Duty-MPC, only sum01and sum02 needs to be compared
to determine whether (v1,v0) or (v2,v0) is the best vector
combination. This strategy can be concluded in Table II. To
further improve the performance, combinations of two active
voltage vectors are also allowed in [5] and [8]. The vector
selection and duty ratio optimization for those methods have
been presented in Table I. Certainly, the desired voltage can
also be synthesized by modulation algorithm such as SVPWM
after obtaining uref

s , as shown in [32]. In this case, it is the
same as a deadbeat predictive control method.
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TABLE IV
MACHINE AND CONTROL PARAMETERS

DC-bus voltage Udc 540 V
Rated power PN 2.2 kW
Rated voltage UN 380 V
Rated frequency fN 50 Hz
Rated torque TN 14 Nm
Number of pole pairs Np 2
Stator resistance Rs 3.065 Ω
Rotor resistance Rr 1.879 Ω
Mutual inductance Lm 0.232 H
Stator inductance Ls 0.242 H
Rotor inductance Lr 0.242 H
Sampling frequency fs 15 kHz
Flux amplitude reference |ψ∗

s | 0.85 Wb

As mentioned previously, conventional double-vector based
MPCs are complicate in selecting vectors and calculating duty
ratios. High computational effort is generally required for state
predictions to evaluate the influence of candidate vectors on
control performance. By comparison, the proposed UMV-MPC
can quickly pick out best vectors and optimize their duty
ratios based on classic SVM. Both complicate enumerating
process for vector selection and high computational effort for
calculating optimal duration of selected vectors are eliminated.
What’s more, by different configuration as mentioned above,
the proposed UMV-MPC can simply achieve different predic-
tive control schemes, such as single-vector based MPC [25],
[31], Duty-MPC [10], [11], generalized double-vector based
MPC [5], [8] and deadbeat predictive control [32]. All these
control methods are unified into one control frame, providing
a flexible and simple method for achieving different control
schemes.

V. SIMULATION STUDY

In this section, the effectiveness of the proposed MPC is
evaluated in the environment of MATLAB/Simulink. Specifi-
cally, the performance of UMV-MPC is compared with double-
vector based MPC presented in [5], which is refereed as
prior-MPC in the following text. In all the following tests,
the strategy of vector-selection and duty ratio optimization as
shown in Table I is adopted in UMV-MPC. For both UMV-
MPC and prior-MPC, the vector sequence is dynamically
adjusted to reduce the switching frequency, as described in
section III-C. The control diagram of UMV-MPC is shown in
Fig. 1, and the parameters of machine and control system are
listed in Table IV.

Fig. 4 shows responses of rotor speed, electromagnetic
torque, stator flux amplitude, and one-phase current when the
machine starts from standstill to 1500 r/min. An external load
of 14 Nm is suddenly applied at t = 0.2 s. To provide sufficient
torque during startup without large current, the scheme of
preexcitation based on dc chopping is employed [24]. After
preexcitation, it can be seen that the motor accelerates quickly
to 1500 r/min. After applying external load, the output torque
increases quickly and the rotor speed restores to 1500 r/min.
The responses of two methods are the same, which can be
further confirmed by comparing selected vectors, as shown in
Fig. 5.
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Fig. 4. Simulated starting responses from standstill to 1500 r/min with sudden
load change at 0.2 s for (a) prior-MPC, (b) UMV-MPC.

Fig. 5a shows the selected two vectors for both methods
when the machine starts from zero to 1500 r/min, correspond-
ing to the time range of 0.1–0.18s in Fig. 4. While Fig. 5b
shows the selected two vectors when the external load is
applied, corresponding to the time range of 0.18s–0.26s in
Fig. 4. It should be noted that two zero vectors u0(000) and
u7(111) are both numbered as 0 in the figure. It can be found
in Fig. 5 that selected two vectors in prior-MPC and UMV-
MPC are exactly the same. However, best two voltage vectors
are selected in prior-MPC by minimizing cost function based
on predicting state variables for all feasible voltage vectors,
which is much more complex than the proposed UMV-MPC.
This tests confirm that the proposed UMV-MPC can select
exactly the same best vectors as conventional enumerating
based schemes.

VI. EXPERIMENTAL RESULTS

A. Experimental Setup

The proposed UMV-MPC is also experimentally tested on
a two-level inverter-fed IM drive platform, which uses a 32-
bit floating point DSP TMS320F28335 to accomplish the
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Fig. 5. Selected two vectors for prior-MPC and UMV-MPC in simulation.
(a) during accelerating process and (b) during sudden load change.

developed control algorithm. The test rig is illustrated in Fig.
6. The parameters of motor and control system have been
presented in Table IV. In all testing results, the value of
concerned variables are obtained via a onboard DA converter
except stator current, which is directly measured by a current
probe. All data is acquired by a ScopeCoder DL850 and then
transferred to PC for analysis.

B. Investigation of Dynamic Performance and Comparison
With Prior-MPC

To further validate that UMV-MPC is equivalent with prior-
MPC, experimental results of the machine starts from zero to
1500 r/min are presented in Fig. 7. Similar to the simulation
results shown in section V, it is seen that for both methods,
rotor speed can quickly accelerates to the reference. And,
stator flux magnitude can be well kept as constant despite
of variation of speed and torque. The difference between two
methods is very insignificant.

Fig. 8 shows the responses during speed reversal at rated
speed. It is clear that both methods can achieve smooth
transition across zero speed, showing good performance over
a wide speed range. The amplitude of stator flux is constant

PC

Current source of ma-

gnetic powder brake

Scope Coder DL850

Main board

Control board

(a)

2.2 kW Induction machine
Magnetic powder brake

(b)

Fig. 6. Experimental setup of two-level inverter-fed IM drive. (a) inverter and
oscilloscope, (b) 2.2-kW IM and magnetic powder brake.

during the whole dynamic process, indicating that decoupled
control of stator flux and torque is well achieved. Again, there
is no obvious difference between prior-MPC and UMV-MPC.
Therefore, experimental tests can justify that UMV-MPC is
equivalent with prior-MPC, which has also been supported by
theoretical analysis and simulation tests in previous sections.

C. Investigation of Steady-State Performance for different
MPCs

The equivalence between UMV-MPC and prior-MPC has
been proved in previous chapters. Hence, experimental results
of prior-MPC are no longer given in subsequent sections.
Additionally, UMV-MPC which removes switching frequency
reduction strategy as stated in section III-C is tested. For
simplicity, it is named as UMV-MPC2 in the following text.
Furthermore, the Duty-MPC which constrains vector combi-
nation as an active vector and a zero vector is implemented.
For Duty-MPC, the principle of vector selection and duty ratio
optimization has been summarized in Table III.

Fig. 9 presents the responses of high-speed operation at
1500 r/min without load for Duty-MPC, UMV-MPC and
UMV-MPC2. For all of three methods, rotor speed can be
well controlled at the reference. The current waveforms are
sinusoidal. For each method, the torque ripple is 0.3610
Nm, 0.3297 Nm and 0.3384 Nm respectively. Total harmonic
distortion (THD) of stator current is calculated and presented
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Fig. 7. Starting from standstill to 1500 r/min for (a) prior-MPC, (b) UMV-
MPC.

in Fig. 10. Unlike Duty-MPC, vector combinations of two
active vectors are not excluded in UMV-MPC and UMV-
MPC2. Hence, UMV-MPC and UMV-MPC2 can select best
two voltage vectors in a broader range, resulting in better
steady-state performance. From test results, it can be found
that both current THD and torque ripple are reduced in UMV-
MPC and UMV-MPC2 when compared with Duty-MPC.

D. Quantitative Comparison for Different MPCs

Numerical comparisons of current THD and torque ripple
for different MPC methods at various speeds are shown in
Figs. 11 and 12 respectively. It is seen that UMV-MPC2
has best performance during low and mid speed ranges and
presents similar performance with UMV-MPC at high speeds.
This indicates that switching frequency reduction strategy
as mentioned in section III-C would influence steady-state
performance during low and mid speed ranges.

Meanwhile, the performance of Duty-MPC and UMV-MPC
are similar in low and mid speed ranges. The reason is that the
vector combinations selected by both methods are a nonzero
vector and a zero vector in most cases in this speed range
[8]. However, the performance of Duty-MPC becomes worse
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Fig. 8. Responses during speed reversal at 1500 r/min for (a) prior-MPC, (b)
UMV-MPC.

at high speeds where the best second voltage vector is usually
not a zero vector.

The average switching frequencies of different methods are
also investigated, as shown in Fig. 13. Since both Duty-MPC
and UMV-MPC adjust vector sequence to reduce switching
frequency, their switching frequencies are lower than that
of UMV-MPC2. When rated load is applied during high
speed operation, as shown in Fig. 13b, the average switching
frequency of Duty-MPC drops significantly. This is mainly
because the optimal second voltage vector is not a zero vector
at high speeds. In this circumstance, the optimal duty ratio
of selected active voltage vector is usually calculated as 1.
This is equivalent to applying single voltage vector in one
control period. Hence, switching jumps become smaller for
Duty-MPC. In contrast, UMV-MPC and UMV-MPC2 can
always pick out two optimal voltage vectors. As a result, they
outperforms Duty-MPC at high speed range.

E. Investigation of Performance at Low Speed Operation

Finally, to validate the effectiveness of UMV-MPC at very
low speed, the steady-state responses at 3 r/min without and
with 90% rated load are demonstrated in Fig. 14. It is seen that
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Fig. 9. High-speed operation at 1500 r/min without load for (a) Duty-MPC,
(b) UMV-MPC, (c) UMV-MPC2.

the proposed UMV-MPC can keep its good performance even
at extremely low speed. Due to poor stability of external load
provided by the magnetic powder brake, some fluctuations
can be observed in the rotor speed when load is applied.
Nevertheless, the magnitude of stator flux is constant and the

Duty-MPC, THD=7.503%
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Fig. 10. Harmonic spectrum of stator current for Duty-MPC, UMV-MPC and
UMV-MPC2 at 1500 r/min without load.
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Fig. 11. Comparisons of current THD for Duty-MPC, UMV-MPC and UMV-
MPC2, operating at different speeds without load.

current waveform is sinusoidal. This test confirms that stable
control with good performance can be achieved at very low
speed for UMV-MPC.

VII. CONCLUSION

In this paper, a universal multiple-vector-based MPC is
proposed and verified by simulation and experimental tests.
Compared with conventional multiple-vector based MPCs,
UMV-MPC is more efficient in vector selection and duty ratio
optimization when only tracking error is considered in the cost
function. What’s more, the UMV-MPC can be flexibly adjusted
to achieve different MPC schemes, providing a unified control
frame to test and compare different control methods. From the
basic principle of UMV-MPC, it can be found that the only
difference between UMV-MPC and conventional deadbeat
control exists in the modulation stage. In UMV-MPC, two
vectors are applied to minimize the error between synthesized
voltage and reference voltage. While in deadbeat control, a
modulator is directly used to synthesize reference voltage.
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Fig. 12. Comparisons of torque ripple for Duty-MPC, UMV-MPC and UMV-
MPC2 at different speeds. (a) Without load and (b) with rated load.

From simulation and experimental tests, UMV-MPC is
equivalent to conventional enumerating process based MPCs.
Test results validate that UMV-MPC works well over a wide
speed range during both dynamic and steady-state process. Sta-
ble control with satisfactory performance can be achieved even
at very low speed. Comparative studies, tests under dynamic
and steady-state operation, and average switching frequency
are intensively investigated to confirm the effectiveness of
UMV-MPC.
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