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Optimized Control Set Model Predictive Control for

Dual Three-Phase PMSM With Minimum Error Duty
Cycle Regulation

Jia Cui”, Tao Tao

Abstract—The conventional model predictive control for dual
three-phase permanent magnet synchronous motor suffers from
poor operational performance and heavy computational burdens.
Aiming to solve the two problems, this article proposes an optimized
control set model predictive control with a minimum error duty
cycle strategy. First, a new form of 24 virtual voltage vector control
set is constructed. All voltage vectors in the new control set are
pointed in different directions and distributed uniformly, which are
facilitated by combining with duty cycle modulation techniques.
The control precision can be enhanced by employing the new
control with more candidate vectors. Furthermore, a minimum
error duty cycle calculation method is proposed in the scheme,
where the currents of the dg-axis are considered simultaneously
even if one active voltage vector is employed. So, the errors between
the reference voltage and the selected voltage vector can be reduced.
Thus, the operational performance can be significantly improved.
Especially, a multistage group evaluation method is proposed to
simplify the enumeration process, which guarantees that the pro-
posed strategy can evaluate more vectors with less computational
burden. Comprehensive experiments are carried out to verify the
effectiveness of the proposed method.

Index Terms—Computational burden, dual three-phase
permanent synchronous magnet motor, minimum error duty
cycle, model predictive control (MPC), optimized control set.

NOMENCLATURE
R Stator winding resistance.
We Electrical rotor speed.
vy Flux of rotor permanent magnet.
Lg, L, dg-axis inductances.
ny Number of pole pairs.
T Control period.
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Udc DC bus voltage.
iy iy dg-axis reference currents.
ig, i:;, i’;, z’; dg- and xy-axis currents at k instant.
isﬂ, i’;“, ikt i’;“ dq- and xy-axis currents at k -+ i instant.
u’j, uﬁj, uk, “Z dg- and xy-axis voltages at k instant.
u; Basic voltage vectors.
B Yy
u, u;, ui, u; a3- and xy-subspace voltage vectors.
V; Virtual voltage vectors, (i = 1,2,3,
..,24).

Vobj Objective virtual voltage vector.

obj* Vfbj, obj* ngj a3- and xy-axis components of Vp;.

af , af | af

af-axis components of basic voltage
vector in Ly, L3, and L4 groups.
xy-axis components of basic voltage
vector in L, Lg, and L4 groups.

Uy > Up, Uy,

ry ry ry
uLl ’ uL3 ’ uL4

1. INTRODUCTION

OMPARED with conventional three-phase motors, multi-
C phase motors have received great attention from the power
electronics field due to their congenital advantages of high
efficiency, high power density, and good fault-tolerant capability
[1], [2]. In recent decades, they have been extensively applied to
high-performance industries, such as aerospace, ship propulsion,
and renewable vehicles. As a representative of multi-three-phase
motors, the dual three-phase permanent magnet synchronous
motor (DTP-PMSM) can eliminate 6k-order torque ripples,
owing to the special structure, where two sets of three-phase
stator windings spatially shifted by 30 electrical degrees [3], [4],
[5], [6]. Also, the majority control strategy of the conventional
three-phase motor can be extended to the DTP-PMSM easily.
Over the years, the control of DTP-PMSMs has been dis-
cussed by many scholars. The field-oriented control (FOC) was
introduced in [7], where the space vector pulsewidth modulation
(PWM) strategy was adopted. In the FOC, four adjacent voltage
vectors and one zero vector were selected to participate in
modulation, and an excellent steady-state performance could
be obtained. However, the FOC has the drawbacks of complex
parameter adjustment and weak dynamic response. As a new
prominent control method in motor control, the finite-control-set
model predictive control (denoted as MPC for brevity) is a
prominent strategy in handling multivariable control and non-
linear constraints [8], [9], [10]. In [11], the MPC was used
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for a dual three-phase induction motor to overcome the diffi-
culties of multiphase current control and to avoid a complex
modulation process. The current components in «3-subspace
and xy-subspace were considered in the cost function. However,
the method of constraining the components in xy-subspace by
weight coefficients was inaccurate. In order to suppress the
current harmonics in the xy-subspace, the virtual vector (VV)
technique was proposed in [12], [13], and [14]. The classical VV
used multiple basic voltage vectors to synthesize a harmonic-free
vector, where the harmonic currents and torque ripple were
well weakened in the multiphase drive system [15], [16]. In
addition, the control set consists of 64 basic voltage vectors since
the dual three-phase motors are fed by a two-level six-phase
voltage-source inverter. There is challenging work to evaluate
all the voltage vectors to select the optimal one. The VV method
of the DTP-PMSM drive system contains 12 harmonic-free
voltage vectors, which can reduce computation time and improve
operational performance [17], [18].

The dominant characteristic of the MPC lies in the intuitive
concept. However, the steady-state performance is restricted
by the limited numbers of voltage vectors in the conventional
MPC. Hence, several methods were proposed to improve the
steady-state performance of the MPC. The extended control
set method was designed in [19], [20], and [21], where more
vectors were included in the control set. However, the com-
plexity of the algorithm increases significantly with more and
more voltage vectors involved. Especially in a multiphase MPC
system, the candidate vectors increased exponentially with the
motor phase increase. In order to avoid this time-consuming
work, a series of simplification works were investigated in [22],
[23], and [24]. Combining the ideas of direct torque control and
MPC, the torque and flux observers were designed to preselect
three qualified voltage vectors in the control set. Although this
approach reduced computation, two more observers complicated
the control structure. Tao et al. [25] divided the control set
into main and auxiliary parts and evaluated each part step-
by-step. This method retained the simple scheme of the MPC
and reduced the computational burden. However, the method
will be inefficient when more voltage vectors are included in
the control set. Another way to improve system performance
is to change the topology. In [26], [27], and [28], multilevel
inverters were introduced in MPC for low output voltages
and current harmonics. Considering the online calculation and
vector selection, complex computation seems unavoidable for
the practical implementation of the MPC. The execution time
becomes significantly longer with the increasing complexity of
power converters and the number of switching states. Also, the
multilevel inverters will increase the cost. Moreover, the duty
cycle modulation technique is introduced to the MPC scheme
to improve operational performance. In [29], a null vector and
the selected active voltage vector were inserted in one control
period to achieve torque ripple reduction. However, this method
cannot offer satisfactory performance due to the calculation
errors of the duty cycle. To cope with this problem, some variants
of MPC were proposed in [30], [31], and [32], where three
vectors (two active vectors and one null vector) were used in one
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period. However, this online space vector modulation approach
generates a sizeable computational pressure.

This article proposes a new control set with a minimum error
duty cycle calculation method. The proposed method presents
better performance without increasing the computational bur-
den. The main contributions of this article are as follows.

1) A control set with 24 VVs is designed according to the
modulation theory. The designed control set has a denser
voltage vector distribution, presenting a smaller torque
variation slope during the voltage vector switching proce-
dure.

A novel duty cycle calculation method is proposed accord-
ing to the geometric relationship between the reference
and the predicted current. When only the single VV is
considered, this method can obtain the duty cycle with the
smallest error.

A multistage group evaluation method is proposed to sim-
plify the evaluation process, alleviating the computational
burden and improving execution efficiency.

The proposed and existing methods are compared exper-
imentally from the aspects of steady state, dynamic state,
and parameter variation.

The rest of this article is organized as follows. Section II in-
troduces the form of the conventional 24 VV method. Section III
elaborates on the process of the proposed method. Experiments
are designed to verify the proposed method in Section IV.
Finally, Section V concludes this article.

2)

3)

4)

II. CONVENTIONAL 24 VIRTUAL VOLTAGE VECTORS

The six-phase two-level voltage-source inverter is applied to
drive the DTP-PMSM. Each bridge leg can present two states
(OFF and ON) since the complementary state of two switching
devices is in the same bridge legs. Thus, there are 2° = 64 switch-
ing combinations. The corresponding voltage vector number is
defined as i = S4SBSc-SpSESk, where S; (j = A, B, C, D,
E, F) represents the switching state of the upper legs (ON is
“1,” while OFF is “0”). The i is converted to an octal number to
facilitate recording. For example, 13 represents “001-011.” The
64 voltage vectors in the «/3-subspace and xy-subspace can be
obtained by using

wap = Uge(Sa + Spa* + Sca® + S’Da—|—SEa5—|—SFa9)/3
{uwy = Ug(Sa + Spa® + Sca* + Spa5+SEa+SFa9)/3
ey
where a = exp(j30°).

Fig. 1 shows the distributions of the voltage vectors in dif-
ferent subspaces where the zero voltage vectors are neglected.
The 60 active vectors in a3-subspace can be divided into four
dodecagons with different magnitudes, from innermost to outer-
most, named, L1(0.173U4.), L2(0.333U4.), L3(0.471U4.), and
L4(0.644U ), respectively.

It should be noted in Fig. 1 that the outermost vectors in
af-subspace are mapped into the innermost in xy-subspace,
while the innermost vectors in «/3-subspace are mapped into
the outermost in xy-subspace. However, the two middle group
vectors in «B-subspace still mapped into the xy-subspace with
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Fig. 1.

Distributions of the voltage vectors in different subspaces. (a) af3-
subspace. (b) xy-subspace.

the same magnitude. In addition, some vectors in dodecagons L,
L3, and L, point to the same direction in a3-subspace, whereas
the vectors in Lz have the opposite direction with Ly and Ly
in xy-subspace. Consequently, the harmonic-free vectors can be
synthesized by allocating the proportion for the two basic vectors
in Ly and Lg groups or Ly and L3 groups.

According to the definition of harmonic-free vectors, the sum
of projections on the xy-subspace is zero. Thus, the relationship
for the basic vectors in L4 and Lz groups can be expressed as

34 zy 34 Tyl _
DL4 ’ |uL4| o DL3 ’ |uL3| =0 2)
D34 + D34 =1
Ly Ls

where D?? and D3 represent the duty cycles of basic vector
in Lz and L4 groups when the L3 and L, are used to synthesize
VV.

Another synthesis method can be expressed as (3) since the
basic vectors belong to L; and Lg groups

{Di?i fuzi| = i - |uizi| =0

3
DF 4+ DB =1 ®

where Dg and Df; represent the duty cycles of basic vector
in L; and L3 groups when the L; and L3 are used to synthesize
VV.

By substituting the magnitude of L, L, and L4 in harmonic
subspace (|up’| = 0.173Uqc, [up’| = 0.471Uqc, and |u7’| =
0.644U4.) into (2) and (3), the proportion can be obtained as

{D%::oﬂg {D?::OA%
3 1

34 _ ’ 13 _

D =0.732" | D} = 0.577.

“)

The magnitude of the synthesized vector can be expressed as

Mmzpﬁ.@ﬁ = 059U (5)

34 af
+ DL4 : ‘uL4

Mis = DE - [ug? —0.345Us.  (6)

+DE - |ug?

Based on this analysis, two sets of VVs with different mag-
nitudes are synthesized, which confirms the effectiveness of re-
ducing the harmonic currents [19]. The distributions of classical
VVs are shown in Fig. 2. There are 24 VVs on the distribution
map. The magnitude of the outer layer VVs is 0.597Uq., and
the magnitude of the inner layer VVsis 0.345U .. The synthetic
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Fig. 2. Distributions of classical 24 VVs.

principle can be summarized as

{Vouter = 0.268 x wr, + 0.732 x ur,

Viner = 0.577 X ur, + 0.423 x u, . Q)

III. PROPOSED 24 VIRTUAL VOLTAGE VECTORS AND
PREDICTIVE DUTY CYCLE CONTROL

The classical 24-VV method in the DTP-PMSM drive system
consists of 12 large VVs and 12 small VVs. However, the small
VV can be replaced (Vipner = 0.578Vouter) by the large VVs
since the duty cycle modulation method is employed. It increases
the computational burden and is useless for performance im-
provement. In this section, a new form 24-VV control set is
designed, where the duty cycle modulation technique can fully
utilize all VVs.

A. Reconstructed 24 Virtual Voltage Vectors

It can be seen from Fig. 2 that the «/3-subspace is divided
into 12 sectors uniformly, and the angle between the adjacent
two vectors is 30°. However, the modulation region is limited
to the vertices of the regular dodecagon, resulting in insufficient
control precision. Therefore, this section reconstructed 24 VVs
with equal magnitude and even phase angle, presenting a wider
modulation region than the classical 24-VV method.

There are several basic voltage vectors utilized to synthesize
one VV. The sum of all voltage vectors in the harmonic subspace
components is equal to zero. The principle can be expressed as

Y Diud =370 Diu} =0
ZZL:l D;=1

where D; represents the duty cycle of the basic voltage vector.
In the motor control field, the voltage utilization is related
to the magnitude of the voltage vector [18]. According to the
mathematical theory, the larger the magnitude of the basic vector
involved in the synthesis process, the larger the magnitude of the
new vector that can be synthesized. In order to obtain higher
voltage utilization, the adjacent three voltage vectors in the
L, group are adopted in the proposed method. Fig. 3 shows
the schematic diagram of the proposed VVs. According to the
geometric relations of the synthesis principle, the component of
Vob;j in the aB-axis equals the sum of the components of ugg,

®)
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Fig. 4. Switch pattern of V. (a) Expected. (b) Generated.

Ug4, and u 44, whereas the harmonic components equal zero. The
equation can be described as

Dy -ugs + D2 - ugy + D3 - ufy = Vg,

Dy ~ug6+D2 ~u§4+D3-uf4 :Vfbj ©)
D1-ug6+D2-ug4+D3-uj4:Vﬁfbj:O

D1 - ugs + Do - ugy + Dy - ujy = Vi, =0.

In addition, the isosceles triangular wave is used as a carrier
wave in the practical digital signal processor (DSP) system. The
high level in the standard switching pattern will be concentrated
in the central position. Also, the switch of each phase does not
operate more than once in one period. Since the VV technique
employed multiple basic vectors, several expected synthesized
processes in this carrier mode are inconsistent with the generated
vector. The synthesis principle needs to be adjusted for the VV
at a specific location.

For example, when the angle between the V,; and a-axis is
15°, the adjacent three vectors are u44, U 45, and ug4, respectively.
The switching pattern of Vy,; synthesized by u44, u45, and uegy
is depicted in Fig. 4(a), as can be seen from Fig. 4(a), in which
the S acts two times in one period. Therefore, the high level of
the F-phase will be concentrated in the central position. The new
switching pattern transforms the basic voltage vectors to u44 and
ugs. The composition diagram of this synthesis method is shown
in Fig. 5, where two equidirectional vectors in L4 and L3 groups
are actually selected to synthesize the VV. According to the
above analysis, it is found that the VVs at 15°, 75°, 135°, 195°,
255°, and 315° all conform to this rule. Hence, when these VVs
are involved, only two basic active voltage vectors are selected
to participate in the calculation.
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Fig. 5. Composition diagram of V,; when the VV is located at 15°.
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Fig. 6. Distributions of proposed 24 VVs.

The final synthesis principle can be expressed as

«a a
Vi Use

e}

« (o7
Uong Uszpg

Dy
V,z@ ’u’fst u2nd u3rd 0 D2
Vil = |l wha wla O | (10)
Vi Ul Upyy Uzyg O Dy
1 1 1 1 1

where w1, Uand, and us,q represent the first, second, and third
primary vectors, respectively. The us,q and D3 equal zero when
two equidirectional vectors are used to synthesize the VVs.

It should be noted that (10) has no guaranteed trivial solu-
tions due to three variables but four equations. Hence, more
constraints are needed to solve the ratio of each basic vector.
The detailed solution is divided into the following steps.

First, the distribution of 24 VVs to be synthesized is shown
in Fig. 6, where the af-subspace is divided into 24 sectors
uniformly, and the angle between adjacent vectors is 15°. The
position of each vector is determined while the magnitude is not
calculated. In addition, the ratio of each vector must be greater
than or equal to zero. The constraints can be expressed as

0<D; <1
0<Dy<1
0<D;<1
0< Dy <1.

(1)

Assuming the magnitudes of 24 VVs are equal. Equations
(10) and (11) constitute the conditional equations. Therefore,
the magnitude can be set from small to large until the condition
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TABLE I
24 VVS SYNTHESIS PRINCIPLE

V; Voltage vector Ratios of each voltage vector

Vi u, u u3 u D, D, Ds Dy
\%! wss  wys  was o 0.034 0443 0.477 0.046
V. Uiy Ues / w0723 0.264 0 0.013
A\ Wi Wes UWes Mo 0477 0443 0.034 0.046
Vs Wiy Wes Wes Mo 0264 0.458 0.264 0.014
Vs Wi Wes UWes Mo 0.034 0443 0.477 0.046
Vs Ues U / w0723 0.264 0 0.013
\%! Ues W Wn Hy 0477 0443 0.034 0.046
Vs Wes W Wn Hy 0264  0.458 0.264 0.014
Vs Ues W Wn Hy 0.034 0443 0.477 0.046
Vie un s / u, 0723 0.264 0 0.013
Vi wun  wn ows ouy 0477 0.443 0.034 0.046
Vio wn wp owz w0264 0458 0.264 0.014
Vis  wn wn ws ouwy  0.034 0443 0.477 0.046
Via  wz oun / u, 0723 0.264 0 0.013
Vis  wss  ws own owy 0477 0.443 0.034 0.046
Vie w3 w3 wn w0264 0458 0.264 0.014
Vio  ws ows own owy  0.034 0.443 0.477 0.046
Vis  un  uss / w0723 0.264 0 0.013
Vie wn  wsy  wss  wy 0477 0.443 0.034 0.046
Vo wn  wsi owss w0264 0.458 0.264 0.014
Vo wn owsy owss  wuy  0.034  0.443 0.477 0.046
Vo o wss  oun / w0723 0.264 0 0.013
Vas  wss  was  was w0477 0443 0.034 0.046
Vou  wss  wis w uy 0264 0458 0.264 0.014

equation is not satisfied. For example, the magnitude can be set
as 0.3Ug., and all the ratios of the basic vector are greater than
zero in each VV. However, the low-voltage utilization is obtained
compared with the conventional 24-VV methods (0.597Uj.).
According to this principle, the magnitude of VV is gradually
increased until the ratio is negative. After calculation, the final
result of the magnitude is 0.59U., which is close to the voltage
utilization of the conventional method. In this case, 24 equal-
magnitude VVs can be calculated offline, and the results are
listed in Table I.

B. Duty Cycle Calculation With Minimum Error

Although the new 24 VVs increase the number of candidate
voltage vectors, which extend the modulation range, however,
the fixed magnitude limits the modulation range to 24 vertex
positions. This shortcoming will deteriorate the steady-state
performance. The issue can be solved by inserting Vo in one
control period. The conventional deadbeat duty cycle calculation
method diagram is shown in Fig. 7, where one active VV and
one V are employed in one control period.

The red line represents the current increment using active
VYV, while the blue line indicates the current decrement by using
Vo. The g-axis current deadbeat principle is always adopted to
be the constraint since only one unknown (d) is to be solved.
However, the d-axis current is not taken into consideration,
which is insufficient to improve operational performance.
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Fig. 7. Diagram of the conventional deadbeat duty cycle calculation method.
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Fig. 8.  Cost function value of different duty cycle calculation methods.

To further enhance the control system, a minimum error duty
cycle calculation method is proposed in this section. As shown
inFig. 8, the ], C’l“q and I;, are marked in the dg coordinate system.
The Iy, ; and I}, are the predictive values of /4, under the
action of the V; and V|, respectively. It should be noted that the
trajectory of the modulated voltage vector is located on the blue
dotted line. The distance from the point on the trajectory to point

*
dq ©an be expressed as

| = \/(z';; e 1 R (7 ) (12)

On the other aspect, for the PMSM, whether implanted or
surface mounted, the cost function of VV-based MPC can be
expressed as

J = (iy — ) + (i — ).

; (13)

It can be deduced from (12) and (13) that the /> equals the cost
function in the MPC scheme, and J € [I2,; , 12 ,.]. That means,
[ is positively correlated with J. Hence, there is an optimal point
on the trajectory that minimizes the value of the cost function.
Draw a circle with center /;, and radius /. All the points in this
circle have the same value of J. Obviously, the tangent point is
the closest to the reference value. If the final predicted value is
located at this point, its cost function will be the minimum of all
points on the trajectory. So, in order to obtain the optimal value
of the cost function, the tangent point needs to be calculated.

For simplicity, the coordinates of the I, Ig;e_null’ and ISIL
are represented by (xq, o), (x1, y1), and (x2, y2), respectively.
Therefore, the position of the tangent point can be calculated by
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TABLE II
SPECIFIC VOLTAGE VECTORS IN DIFFERENT GROUPS

Group Voltage vectors
G] V22; V23’ V24; VI; VZ’ V3’ V4
Gy Vi, Vs, Ve, Vi, Vg, Vo, Vi
G3 VlU> Vll> V12> Vl35 V145 VIS, V16
G4 Vl()a Vl75 V189 V195 Vzo, VZly VZZ

the geometric relationship and described as

B — zo(x1-223)°+21 (y1-y2)° +(21-22) (y1—y0) (y2—v1)

tq _duty (x1-22)°+(y1-y2)°
e — yo(y1—y2)* +yi1 (z1—22) + (21 —20) (z1—22) (y2—y1)
q_duty (x1-22)>+(y1—-y2)?
(14)
with
To = 227 Yo = Z;
T = iZﬂ +T,- [-R Z§+ +w€Lqik+1] /La
= i§+1 + T [ R Zk+1 - weLdZ - w"/wf] /Lq
£y = 7:5+1 + T [ k+1 _ 5-"—1 + weLqi§+l] /Ld
yr = iy Ty [ug ™ = Rt —weLailf Tt — wey] /L
The duty cycle of Vy and V; can be obtained as
dy = |(er ) /@1~ )| o =1 —dr. (19)

The cost function value of different duty cycle calculation
methods is marked in Fig. 8 with three color lines (orange,
green, and red). The orange line represents no duty cycle method,
and its current tracking error is the largest. The green line is
perpendicular to the g-axis, which takes the deadbeat tracking
of the g-axis current as the modulation target and does not
consider the constraint of the d-axis current. Also, there are two
intersections for the circle and line, which result in two different
duty cycles that can obtain the same J. So, the current tracking
error is second. The red line is the proposed method, which takes
the minimum dg-axis current error as the modulation target.
Hence, the proposed method has the smallest current tracking
error and can better improve operational performance.

C. Simplified Evaluation Process

In the MPC scheme, the cost function is the evaluation stan-
dard of the voltage vector. The different voltage vectors will
cause different changes for control variables in the future instant,
such asi, and i4. The voltage vector, whose changes are closest to
the reference value, is the optimal one. In the evaluation process,
the value of the cost function is obtained using the for-cycle
structure. So, without any simplification, it would take 24 cycles
to complete this repetitive work since 24 VVs are in the control
set. In order to solve this problem, a multistage group evaluation
method is proposed to release the time-consuming work. The
detailed implementation of the simplified process can be divided
into the following steps.

First, the 24 VVs are divided into four groups evenly. The
voltage vectors for each group are listed in Table II, and the
diagram is shown in Fig. 9(a). The cost function evaluates
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Fig. 9. Diagram of simplified method. (a) Group division. (b) Optimal group.
(¢) Vapqg selection.

Apply Viis

| Obtainif“[Equ(16)] |

‘ Evaluate cost function [Equ.17] ‘

N ¢
Y
| GapemintJ(Ve), J(V2), J(Vis), JVio)} |

End

Fig. 10.  Flowchart of the process for optimal group selection.

the central voltage vector of each group to select the optimal
group. The evaluation process will take four cycles, and the
flowchart is shown in Fig. 10.

Second, the voltage vector in the optimal group is divided
into the odd-numbered and even-numbered groups again. Take
the Gope = G, for example, as shown in Fig. 9(b). The odd-
numbered group contains Vas, Vo4, and Vo, while Vo3, V1, and
V3 are included in the even-numbered group. Then, the cost
function is used again to evaluate V3 and Va3 (the cost function
result of V; does not need to be recalculated since the result
has been obtained in the process of G, selection) to select
the optimal one, named Vi4. The flowchart of Gy is shown in
Fig. 11, and the other case has the same structure as the flowchart
of G1 .

Finally, the cost function is used again to evaluate the two
voltage vectors adjacent to V4, named Vo4, and compare them
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Geven= {VZS, Vi, V3}

Omit V; calculation

Apply Vi in Geven
without V

| Obtainif“[Equ.(16)]

‘ Evaluate cost function [Equ.17] ‘

| Vimming(Vay), JV 1), SV} |

Flowchart of the process for Vi selection.

Fig. 11.

TABLE III
ALL SITUATIONS OF SELECTING OPTIMAL VECTOR

Group Vi Vo
Vi V, or Vau
G[(Vl) V3 Vz or V4
Vs Vyor Vy
Vs V,or Vg
Gx(V7) \%] Vs or Vg
Vt) Vg or V]()
Vi Vigor Vi,
G3(Vi3) Vis ViporViy
Vis VisorVig
Vs Vigor Vig
Ga(V1o) Vio Vigor Vy
Vy Vo or Vyp

with Vg to select the final optimal voltage vector. Fig. 9(c)
shows the example of Vi, = Vi, where V5 and Vo, are
evaluated using the cost function. The final optimal vector is
the result of Vo = min{J(V1), J(V2), J(Va4)}.

All the situations for selecting the optimal vector are listed
in Table III. The tedious enumeration of the conventional MPC
can be avoided by using the proposed vector selection method.
The number of the evaluation process can be reduced from 24
to 8(4 + 2 + 2). The proposed simplified evaluation process can
significantly reduce the number of cycles and the execution time
of the algorithm.

D. Implementation of the Proposed Method

Since the duty cycle method is designed, the magnitude of
candidate vectors can be flexible and changed. In order to finely
select the most suitable vector and its corresponding duty cycle,
the control sets are modified as d1 V1, d2Vsa, d3V3,...,d2,4Vay.
When the VV method is employed, the components on the xy-
subspace can be omitted in the predictive model. Hence, the
predictive model of DTP-PMSM with two-step prediction can
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Fig. 12.  Control block diagram of the proposed MPC.

TABLE IV
PARAMETERS OF EXPERIMENTAL MOTOR AND DRIVES SYSTEM

Parameters Value Parameters Value
d-axes inductances 15.2mH | Number of pole pairs 11
g-axes inductances 15.7mH | DC bus 300V
Rotor flux 0.88 Wb | Period of PWM 100 us
Stator resistance 0.96 Q Sample frequency 10 kHz

be expressed as
k42 _ k1 k+1 k41 k41
i =i+ T [diuy ™ — Reigt + weLgikt | /La

i§+2 — ik+1

+T, [diuli™ — Ryif*! — we Laili ™ — wetpy] /Lg.
(16)
In order to calculate the distance from the reference point to
the tangent point more clearly, the cost function of the proposed
MPC scheme can be expressed as

g =1=y - + - i)

The proposed modified MPC scheme can obtain the optimal

cost function by calculating the duty cycles. It reduces predic-

tive errors and improves control precision. The control block

diagram of the proposed MPC scheme is shown in Fig. 12. The
implementation process can be summarized as follows.

1) Delay compensation: The i% and i} are compensated by

the delay compensate module to obtain 44" and ¥+,

2) Predictive model: The values of xi, y;, xo, and yy are
calculated by the predictive model.

3) Duty cycle calculation: The duty cycle of evaluated VV
can be calculated after the (xg, yo), (x1, ¥1), and (x2, y2)
are determined.

4) Evaluation process: The cost function is used to evaluate
the modified VV and also simplify this evaluation process
to release the computational burden.

7)

IV. EXPERIMENTAL VERIFICATION

An experimental platform is established to verify the proposed
method, as shown in Fig. 13. ADTP-PMSM is fed by a six-phase
voltage-source inverter. The magnetic power brake is used as
the load. The parameters of the experimental motor and drive
system are listed in Table IV. All algorithms are implemented on
the TMS320F28377 DSP. The phase current is measured using
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Fig. 13.

Schematic diagram of the experimental platform.

a current probe. The ig4, iy, i, iy, and torque are obtained by
the D/A converter. The calculation formula of torque can be
expressed as

T, = 3n, [(La — Ly)idiq + ¢ ig) - (18)

For detailed quantitative analysis, the total harmonic distor-
tion (THD) analysis is calculated, where the original data are
recorded from the experiment. Also, the dg-axis currents, xy-axis
currents, torque, and current ripple are calculated by standard
deviation, respectively. The equation is shown as

1 n — 2
Xripple = \/E Zi:l (Xi - X)

where X represents the dg axes’ currents, xy axes’ currents, and
electromagnetic torque, respectively.

19

A. Steady-State Performance

In the steady-state performance experiment, the speed is
100 r/min, and the load is 200 N-m. For fairness, the proportional
integral (PI) controller parameters used in MPC are the same and
equal to those of the FOC speed-loop PI controller. The K, is
0.12, and K; is 0.003. The waveforms of dg axes’ currents, xy
axes’ currents, torque, and phase-A currents are recorded. The
THD of phase-A current is analyzed, and the flux trajectory in
the stationary and rotating coordinate system is also plotted.
The action of the upper switch of the phase-A bridge leg is also
recorded.

The classical 24 VVs are first conducted, and the duty cycle
calculation method of Fig. 7 is selected. The experimental results
are shown in Fig. 14. As can be seen from this figure, the phase
current presents obvious harmonic components. The result of
THD is 10.8% by Fourier analysis, where the fifth harmonics
is 4.3%, and the seventh harmonics is 8.4%. The peak value of
harmonic current reaches +1.5 A and the ripple of i, and i,
calculated by (18) are 0.54 A and 0.55 A, respectively. Corre-
spondingly, the area of flux in the harmonic subspace is relatively
large. This is because the distribution of vectors in the classical
24 VVs is shown in Fig. 2. When the duty cycle modulation
technique is introduced, the inner VV can be regarded as the
equivalent voltage vector by the outer VV. In this case, the
classical 24 VVs causes a waste of voltage vectors. Finally, it
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deadbeat duty cycle method is applied.

is equivalent to only the outermost 12 VVs at work. Currently,
the torque ripple is 6.28 N-m, and the ripples of iy and i, are
0.36 A and 0.22 A, respectively. The states of flux and switches
are also plotted in Fig. 14. In this section, all the performance
indicators of Fig. 14 are selected as a reference to evaluate the
effectiveness of the proposed methods.

In order to verify the proposed 24-VV method, the second
experiment maintains the conventional duty cycle calculation
method. The control sets are replaced by the distribution in
Fig. 6. The experimental results are depicted in Fig. 15. Com-
pared with Fig. 14, the ripples of the phase current are reduced,
and the waveform becomes more sinusoidal. After quantitative
analysis, the fifth harmonics rise slightly, while the seventh
harmonics are reduced significantly. The final THD is reduced
t0 9.7%. In addition, the ripples of i, and i, are also reduced
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Fig. 16. Steady-state performance of the proposed 24-VV method when

minimum error duty cycle method is applied.

to 0.48 A and 0.32 A, respectively. However, the performance
improvement of the fundamental subspace is more significant.
The ripples of ig and i, are 0.16 A and 0.17 A, respectively.
The torque ripple is reduced from 6.28 to 3.95 N-m, which is
improved by 37% points. The improvement is because the pro-
posed 24-VV scheme has a dense vector distribution. Compared
with the conventional 24-VV distribution, the torque increment
is more stable in the process of vector switching. Also, the
proposed distribution still fully utilizes all the voltage vectors
under the duty cycle modulation. The broader modulation area
can be covered, effectively enhancing operational performance.
Also, it can be seen from the state of the switches in the
phase-A bridge leg that the switching loss does not increase.
This experiment can prove the effectiveness of the proposed
24-VV distribution.

The following experiment is prepared to verify the validity of
the proposed duty cycle calculation method. In this experiment,
the vector distribution in Fig. 6 is adopted, while the duty cycle
is calculated by the geometric method, as shown in Fig. 8.
Therefore, the comparative experiment of this part is Fig. 15.
The results are shown in Fig. 16. Since only the duty cycle
calculation method is changed, the switching loss is almost
unchanged. However, as can be seen from Fig. 16, the phase
current has a narrower envelope. The THD is reduced to 6.7%,
which indicates that the components of harmonic current are im-
proved. The decrease in the ripples of i,; and i, also confirms this.
Moreover, torque ripple and dg-axis currents have been slightly
enhanced as well. Compared with the above two experiments,
the area of flux in the harmonic subspace is reduced, and the flux
circle is improved. Results show that the minimum error duty
cycle method has better control performance. This is because
the i, is considered in the duty cycle calculation process. The
duty cycle calculation of the vector is more accurate through the
cost function selection. The result of this duty cycle presents a
minimum error. Consequently, the performance can be further
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improved. The results show the effectiveness of the proposed
minimum error duty cycle method.

To further verify the effectiveness of the proposed method,
the multivector-based MPC introduced in [32] is also tested. In
this experiment, two active VVs and a null vector are used in
one control period. Therefore, the switching frequency is the
same as the previous algorithms for fairness. The results are
shown in Fig. 17. Compared with the proposed 24-VV scheme,
the ripple of i, is reduced, while the id ripple increases. The
total reluctance torque ripple will increase due to the different
dg-axis inductances, increasing the final torque ripple. This is
because the control frequency needs to be reduced appropriately
to maintain the same switching frequency. Moreover, the control
set of the multivector-based MPC only contains 12 VVs. The
torque increment still exists in the process of vector switching.

Fig. 18 shows the results of the FOC algorithm. The best
steady-state performance can be achieved. The phase current
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presents a perfect sinusoidal waveform, and the flux trajectory
is close to the standard circle. Other performance indicators are
all better than the MPC algorithm. This is because the FOC is a
harmonic subspace closed-loop scheme. The harmonic subspace
is essentially an open-loop control structure in MPC since the in-
troduction of VV technology. Moreover, the FOC is a continuous
method, superior to the finite-control-set MPC in steady-state
performance. However, the FOC method is more complex in
parameter adjustment. For the dual three-phase motor system,
five parameters of PI controllers need to be adjusted. On the one
hand, the speed regulation range is limited by the bandwidth
of the controller. On the other hand, the parameter adjustment
process costs massive effort. It can be seen from the test results
of FOC, that the switching loss of FOC is greater than that of
the MPC. In some high-demand conditions, the FOC may not
be qualified.

In addition, the classical 24-VV and proposed methods are
tested under multiple conditions to prove the universality of the
proposed strategy. In this experiment, the speed is set at 40 r/min,
60 r/min, 80 r/min, and 100 r/min, respectively, while the load
is set at 50 N-m, 100 N-m, 150 N-m, and 200 N-m, respectively.
The results of torque ripple and THD are exhibited in Figs. 19
and 20. As can be seen from Figs. 19(a) and 20(a), there is an
overall upward trend in torque ripple as the speed increases. In
Figs. 19(a) and 20(a), the THD is increased with load decreased
regardless of any speed. However, the proposed method presents
a lower torque ripple than the classical 24-VV method in any
case. Moreover, there is only a slight change in THD for the
same load at different speeds in Figs. 19(b) and 20(b). In general,
although the steady-state performance of the motor is reduced
at low loads and speeds, the proposed method has an obvious
advantage over the classical one.
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B. Execution Time Test

To verify the feasibility of the proposed simplified evaluation
method, the optimal voltage vector selected with and without
the simplified method is tested. The speed is changed from 150
to 100 r/min, and the load is still 200 N-m. In the no-simplified
method, 24 VVs are evaluated individually until the optimal
vector is selected. The simplified method is the proposed mul-
tistage evaluation process. Fig. 21 presents the optimal voltage
vector selection process, where the orange waveform represents
the errors of different methods. It can be seen from the results
that the error only exists during transient speed switching. When
the motor is operated at a steady state, the different evaluated
methods select the same voltage vector. Hence, the results prove
that the proposed simplified evaluation method will not lose
optimality.

The execution time of 12-VV MPC, classical 24-VV, and
proposed simplified 24-VV MPC is also tested. In this exper-
iment, a pin reversal signal is set before and after the algorithm
in the DSP programming to measure the execution time. The
tested process of the algorithm includes “two-step prediction,”
“duty cycle calculation,” and “evaluation process.” When the
algorithm program is entered, timing starts, and the pin outputs
a high level. The timing ends at the above-mentioned process
end, and the pin outputs a low level. The duration of the high
level measured by the oscilloscope is plotted in Fig. 22. The
executing time of the FOC is 6.5 us. Compared with the other
MPC methods, the FOC strategy has the least execution time
since there is no evaluation process for all voltage vectors. In
the MPC scheme, the for-cycle structure was employed during
the process of evaluating voltage vectors. When 24 candidate
VVs are employed in the classical MPC and without using
the simplified method, the for-cycle needs to be executed 24
times. This is a redundant process, and the tested executing
time is 41 ps. However, when the proposed simplified method is
introduced, the executing time of the proposed simplified 24-VV
MPC reduces to 14.7 ps. Also, the execution time of the 12-VV
MPC method is measured. Results show that the multistage
group evaluation method has advantages over the conventional
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12-VV MPC in the execution time. That is because only eight
vectors are involved in the evaluation process.

C. Dynamic Performance

In this section, the transient experiments of the classical
24-VV method with deadbeat duty cycle calculation and the
proposed method are conducted to validate the dynamic perfor-
mance.

The load-step experiment is conducted. The speed is still
100 r/min. The load is 200 N-m first, and then switch OFF
the controller of the magnetic powder brake to simulate load
changes. The dynamic response waveforms are illustrated in
Figs. 23 and 24. The torque command is well tracked in both
the conventional and proposed methods. Besides, the speed can
reach its given command in a short time. However, the proposed
method has a narrower torque curve envelope, suggesting a better
steady-state performance than the conventional method.
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Fig. 25. Speed reversal experiment of the classical 24-VV method when
deadbeat duty cycle method is applied.

The dynamic response experiment with speed step is tested
first. The load torque is 200 N-m, and the speed changes from
4100 to —100 r/min. The transient-state waveforms of the speed,
torque, and phase current are recorded in Figs. 25 and 26. In
order to facilitate the comparison, the torque waveform is locally
amplified, and the average value of the four-segment torque
ripple is calculated. The THD is also analyzed. The transient
duration of these two methods is almost the same. In different
speed conditions, the torque ripple and THD of the proposed
method are much smaller than that of the conventional method,
which means that the proposed method has better steady-state
performance during the whole process.

Moreover, the experiment of speed and load changing at
the same time is designed. In this experiment, the load torque
changes from 200 to 0 N-m, and the speed changes from +100
to +50 r/min. The proposed 24-VV method is used when the
minimum error duty cycle method is applied. The experimental
results are recorded in Fig. 27. It can be seen from Fig. 27
that, although the speed and load change at the same time,
the proposed algorithm still follows the reference command in
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a short time. It shows that the proposed algorithm has good T o WO VW B s
reliability. (©)

According to the transient experiments, a fast-dynamic re-
sponse of the proposed method can be guaranteed. The proposed
method provides much better steady-state performance without
losing any dynamic characteristics and reliability.

Fig. 28. Performance of the parameter variations for the proposed method.
(a) Inductance. (b) Stator resistance. (¢) Rotor flux.

This indicates that the proposed 24-VV scheme and duty cycle

D. Parameter Variation Analysis calculation method have good robustness.

The MPC method relies on precise machine parameters to

select appropriate VVs. However, it is difficult to implement the V. CONCLUSION

accurate parameters in practice due to the variations injected In this article, an optimized 24-VV MPC with a minimum
by noise or temperature. Hence, it is necessary to evaluate the error duty cycle strategy has been proposed and implemented.
parameter sensitivity of the proposed method. This work can be concluded as follows.

In this section, the parameter variation experiments are con- 1) The conventional VV distribution is replaced by the de-
ducted. The inductance, stator resistor, and rotor flux increased signed distribution. The new 24 VVs have the same mag-
by 120% magnitude and reduced to 80% after a few sec- nitude, and the angle between each two adjacent vectors
onds. The waveform of speed, torque, and phase current is reduces to 15°. In this distribution mode, the torque ripple
recorded. The results are exhibited in Fig. 28. The results show is improved.
that the operation performance of the proposed algorithm is not 2) A minimum error duty cycle method is proposed. The i 4

obviously affected when the parameter mismatch reaches 20%. can still be considered in duty cycle calculation, although
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the single VV is adopted. The results of the duty cycle can
be calculated more accurately.

3) A simplified vector evaluation method for MPC is pro-

4)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

posed. The experimental results show that the simplified
method costs a shorter execution time and has good feasi-
bility.

Comprehensive experiments are carried out to verify the
effectiveness of the proposed method.
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