11618

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Interleaved Model Predictive Control for Three-Level
Neutral-Point-Clamped Dual Three-Phase PMSM
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Abstract—In this article, the control strategy is studied for the
neutral-point-clamped three-level inverter-fed dual three-phase
permanent-magnet synchronous motor (PMSM) drive with low
switching frequencies. An interleaved finite-control-set model pre-
dictive control (MPC) scheme is proposed, where a two-layer MPC
is designed to solve the multiobjective optimization problem. The
two sets of windings in PMSM are sampled and controlled in an
interleaved way so that the control delay and the prediction horizon
of the drive system are reduced by half. Moreover, the proposed
interleaved control scheme increases the equivalent sampling and
control frequency from the perspective of the whole drive system,
and thus provides better steady-state performance and dynamic
performance. With the switching states of one inverter remaining
unchanged, the cross traversal of vector candidate sets between
two sets of windings is avoided, and the computational burden
can be reduced effectively. Experimental results are given to verify
the validity and effectiveness of the proposed interleaved control
scheme.

Index Terms—Dual three-phase permanent-magnet
synchronous motor (PMSM) drive, low switching frequency,
model predictive control (MPC), multiphase interleaved control,
neutral-point-clamped three-level (NPC-3L) inverter.

I. INTRODUCTION

ECENTLY, with the increasing demands for medium-
Rvoltage (MV) high-power electric drive systems, multi-
level converters have drawn more attention in industrial appli-
cations. The main superiority of the multilevel converters can be
summarized as lower voltage pressure for devices, higher quality
of output voltages, higher efficiency, higher reliability, and less
electromagnetic interference [1], [2]. Among various multilevel
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topologies, the neutral-point-clamped three-level (NPC-3L) in-
verters have been widely applied due to the merits of their
simple structures. At the same time, the multiphase machines
have been popular in MV high-power applications. The main
advantages offered by multiphase drives include more degrees of
control freedom, lower torque ripple, lower current stress, lower
dc-link current pulsation, and high fault-tolerant capability [3]—
[6]. By combining the techniques of multilevel converters and
multiphase machines, the multiphase multilevel drives become
promising solutions for MV high-power ac drives [7], [8].

In MV high-power applications, the switching frequencies
are usually limited to less than 1 kHz to ensure efficiency and
satisfy the thermal constraints [9], [10]. However, the limited
switching frequency is still the bottleneck for good control
performance in high-power drives. Intensive studies have been
given for high-power drives with low switching frequencies. The
significant delay caused by the low sampling frequency reduces
the control bandwidth and deteriorates the control performance.
Therefore, the proportional-integral (PI) current controller has
been specially designed to mitigate the impacts of the control
delay in [11]. In recent years, the finite-control-set model pre-
dictive control (FCS-MPC) offers an attractive solution with the
advantages of fast dynamic response and convenient implemen-
tation for multiobjective optimization [12]. In [13], the factors
affecting the performance of FCS-MPC have been discussed
and analyzed comprehensively, and guidelines are provided to
improve the control performance. The high sampling frequency
in FCS-MPC can naturally mitigate the impacts of the control
delay, and the low switching frequency operation can also be
achieved by adding the switching frequency into the cost func-
tion conveniently.

Generally, in FCS-MPC schemes, there exists a contradiction
between the computational burden and the prediction horizon
for high-power drives with limited switching frequencies. For
lower computational complexity, the one-step prediction method
is usually used in FCS-MPC [14]. However, the longer horizon
can naturally ensure better control performance, whereas lead-
ing to the exponential increase of computational burden [15].
The trajectory extrapolation method is considered as a popular
approach to solve this contradiction [16]. First, the best possible
switching sequences are selected in the predefined switching
horizon period. Second, the linear trajectory extrapolation is
utilized to evaluate the steps for different voltage vectors to hit
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the predefined error bounds. Based on the trajectory extrapo-
lation method, a kind of model predictive direct torque control
(DTC) is proposed in [17]. The main idea is to perform the MPC
algorithm to find the best switching sequence for DTC instead of
the look-up table method so that the switching frequency can be
optimized during the selection of the next switching sequence.
Another approach for reducing the computational burden is
to narrow down the traversal range. In [18], the nearest three
vector (NTV) principle is used to choose the voltage vectors for
synthesizing the voltage reference. Similarly, the feasible control
set is limited to the sector comprised of the nearest vectors, and
the control algorithm is simplified effectively in [19].

However, previous research work on MPC with low switching
frequency is mainly focused on three-phase drive systems. As
mentioned above, the dual three-phase motor drives have more
degrees of control freedom. In [20], a collaborative switching
strategy is proposed, where the dc-link current ripple for the
drive is mitigated by optimizing the switching sequences of
the two three-phase inverters collaboratively. In this article, the
additional freedom in instants for sampling and implementing
control algorithm has been utilized fully for NPC-fed dual three-
phase permanent-magnet synchronous motor (PMSM) drives.
In the proposed interleaved MPC scheme, the sampling and
the implementation of the control algorithm are conducted se-
quentially for the two sets of windings, so that the equivalent
frequency of sampling and control for the whole drive is doubled.
Additionally, the interleaved control scheme avoids the cross
traversal of the voltage vectors in the two sets of three-phase
windings. Thus, it can mitigate the high complexity in the
MPC scheme for the dual three-phase PMSM drives effectively
while achieving higher sampling frequency and better control
performance. However, the proposed interleaved control scheme
reduces the number of controllable variables from four to two.
But there are still 4-D objective variables to be controlled in
the dual three-phase PMSM drive. Therefore, there exists the
problem that the dimension of control objectives exceeds the
dimension of controllable variables, which can be regarded as
one circumstance of the multiobjective optimization problem
(MOOP).

A well-known solution is to convert the MOOP into a single-
objective optimization problem with weighting factors. How-
ever, there exist more evident conflicts between the four control
objectives, and the difficulty of tuning the weighting factors will
be increased. Another method to handle the MOOP problem
is to establish the multilayer cost function, also known as the
sequential MPC (SMPC) proposed in [21]. In the first layer of
evaluation, two vectors with the smallest values of the torque
cost function are selected. In the second layer, the final vector is
chosen with an independent flux cost function based on the two
selected vectors in the previous step. In [22], the generalized
SMPC control scheme is proposed and verified to be effective
over the full-speed range without limitations on the execution
order of the multilayer cost functions. Furthermore, the tolerance
SMPC is proposed in [23] with the improvement in adaptability
and flexibility compared with the conventional SMPC. Inspired
by the SMPC schemes in [21]-[23], atwo-layer interleaved MPC
scheme is proposed in this article. Based on the vector space
decomposition (VSD), the four objective variables of the dual
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Fig. 1. Configuration of the dual three-phase PMSM drive system.

three-phase PMSM drive are classified into two groups. The
first group is comprised of torque-irrelevant variables, utilized
for the first-layer evaluation. The second group is comprised
of the torque-relevant variables, utilized for the second-layer
evaluation. Different from the SMPC schemes in [21]-[23],
the first layer is embedded in the deadbeat control to narrow
the range of the vector candidates. The tracking error of the
torque-irrelevant variables is not rigorous but naturally limited
in a certain range, which is determined by the generation of the
vector candidates in the first-layer evaluation. The superiority of
the proposed two-layer MPC is that the purpose of narrowing the
traversal range with deadbeat control and the purpose of control-
ling torque-irrelevant variables can be achieved simultaneously.

The organization of the rest of this article is listed as follows.
The configuration and the discrete-time model of NPC-fed dual
three-phase PMSM drives are described in Section II. Then, the
synchronous MPC scheme of the dual three-phase PMSM with
low switching frequencies is illustrated in detail in Section III.
In Section 1V, a two-layer interleaved MPC control scheme is
proposed and described. The experimental verification is given
to compare the performance between the proposed interleaved
MPC control scheme and the synchronous MPC control scheme
for the dual three-phase PMSM drive in Section V. Finally,
Section VI concludes this article.

II. CONFIGURATION AND MODELING

Fig. 1 shows the configuration of the dual three-phase PMSM
drive system. The dual three-phase PMSM is driven by two sets
of three-phase NPC-3L inverters, whose dc links are connected
in parallel.

A. Modeling of NPC-3L Inverter

Fig. 2 shows the equivalent circuit of a three-phase NPC-3L
inverter. The positive current direction is specified in Fig. 2. Each
leg of the NPC-3L inverter can generate three voltage levels,
namely P, O, and N, which is equivalent to a single-pole three-
throw switch.

The switch function of the NPC-3L inverter is defined as

1 output P level
0 output Olevel z € {a,b,c,d,e, f}
— 1 output N level.

Sy = ey
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Fig. 2. Equivalent circuit of a three-phase NPC-3L inverter.

The midpoint voltage, i.e., V,, in the dc link is calculated as

U — U
Vo= =555 @)

where U.; and U9 are the voltages of capacitors C; and Co,
respectively. According to the direction of current flows, the
differential equation of V,, is obtained as

an - % zx:(l - |SJL|)ZJM$ S {a7b7 C, dae’f} (3)

where C is the capacitance of dc-link capacitors Cy and Co, p is
the differential operator, and i, is the phase current.

B. Mathematical Model of Dual Three-Phase PMSM

The neutral points of two sets of windings in dual three-phase
PMSM are isolated from each other. There is a 30° shifted
angle between the dual three-phase windings. Under the dual
dg-frames, the field-oriented control (FOC) is adopted to control
the dual three-phase winding. The zero-sequence component
of the three-phase PMSM is negligible due to the isolation
between two sets of windings. It should be noted that there still
exist cross-coupling effects between the two sets of three-phase
windings. Therefore, the control of the dual three-phase motor is
required to consider the mutual influence of the two three-phase
windings, which is different from the control of two independent
three-phase motors. The continuous-time form of the mathemat-
ical model in dual dg-frame is derived in [ 18], which is presented
in the following equation:

Ud1r = Rsidl + Ldpidl + Ldmpid2 - WLqiql - WLqmti

Ugl = Rsiql + Lqpiql + Lq’mpiq2 + WLdidl + w%“

+wlamtaz

Ugz = Ryl + Ldpid2 + Ldrnpidl - CULqti - WanLiql

Uga = Rsiga + Lgpiga + Lgmpiqr + wlqiq +wiy

+wlamial

4)

where Ly and L, are the d-axis and the g-axis inductances,
respectively, L4y, and Lg,, are the d-axis and g-axis mutual
inductance, respectively, R, is the stator resistance, 1)y is the
magnitude of rotor magnetic flux produced by permanent mag-
nets (PM), ug1 and uy; are the d-axis and g-axis voltages of
the first winding, respectively, ugqo and u4o are the d-axis and
g-axis voltages of the second winding, separately, iq; and i4; are
the d-axis and g-axis currents of the first winding, respectively,
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igo and ig are the d-axis and g-axis currents of the second
winding, separately, and w is the electrical speed of the rotor.
This variable is considered almost unchanged during the period
from instant k7T’ to instant (k+2)7T's due to the larger mechanical
inertia compared to the electrical inertia [24].

By selecting iq1, iq1, iq2, and iy as the state variables, the
state equations can be derived from (4), which is presented in
the following equation:

& = Ax + Bu 5)

where x = [ig1 iq1 g2 ti]T is the state vector, and & = [u gy uq1
Ugo Ugo W f]T is regarded as the input state vector. A and B are
the system matrices, and the expressions are shown as follows:

A= All A12 6
1A, A (0)
| 4121 22
—L4Rs wLgLg—wWLgmLgm
L.2—1 2 L.2—L L2
At = | whonLom “BLalL L A Az = A1
q q q
- LQQ_Lqu? LqQ_Lq'm2 i
(N
i LgmRs wLaLgm—wLamlLq ]
T2 =Ly T2 L. 2 -
A12 - WLqunL_w d7nLq iqud@;ﬂ A21 - A12
L Ly?—Lgm> Ly?—Lgm> ]
(®)
B =
Lg 7Ldm,
La®—Lam” 0 La®~Lam” 0 0
0 —Le 0 —Lgm —1
LQQ_Lqmz qu_Lq'ln2 Ly+Lgm
T 0 0 0
Ld _Ld'm Ld _Ldm,
0 _Lam g L, 1
L027Lqm2 qu*Lqm2 Lq+Lqm
)

As described in Section I, the MPC method could offer a
solution to improved operation performance with low switching
frequencies. To obtain the iterative equations for digital imple-
mentation of MPC, the mathematical models of (3) and (5) need
to be discretized. Different from the space vector modulation
based control schemes, the MPC control schemes could possess
relatively higher sampling frequencies, although their switch-
ing frequencies could be low. Therefore, the requirement for
discretization precision in MPC schemes is not as rigorous as
that in the space vector modulation based control schemes. By
considering the precision and the simplicity comprehensively,
the first-order Euler method is utilized in this article, as shown
in [17]

z(k+1)= Gz(k)+Hu(k) (10)
Valk 1) = Valk) — 55 3201~ 12 (R )ia (B),
T € {a,b,c,d,e,f} (11)

where G = I+T,A and H = T,B. I represents the identity
matrix. T is the sampling period. The scripts (k) and (k+1)
denote the variable values sampled at instants k7'; and (k+1)7Ts,
respectively.
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Fig.3. Diagram of the synchronous MPC scheme. (a) Overall control scheme.
(b) Inner structure of the MPC blocks.

III. SYNCHRONOUS MPC

Fig. 3 shows the block diagram of the synchronous MPC
scheme, where the sampling and the control algorithm are
implemented synchronously. Therefore, the additional freedom
in instant of sampling and control for dual three-phase motor
drives has not been utilized, and the operation is similar to
the conventional three-phase drives. As shown in Fig. 3(a), the
torque reference is obtained from the PI control of rotor speed.
The maximum torque per ampere (MTPA) method is utilized
to generate the current references for FOC. Fig. 3(b) shows
the inner structure of the MPC blocks of Fig. 3(a). To track
the torque reference effectively while limiting the switching
frequency, the control scheme is separated into two steps. The
first step is to utilize the deadbeat control to generate the voltage
references and select the voltage vector candidates with the NTV
principle [18], [19]. As shown in Fig. 3(b), the second step is
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to evaluate the performance of the voltage vector candidates,
where the trajectory extrapolation method is mainly used to
solve the contradiction between the computational burden and
prediction horizon. For the situation where no vector candidate
satisfies the precondition of the trajectory extrapolation method,
another cost function g5 is used to evaluate the vector candidates.
Furthermore, if all the vector candidates generated in the first
step cause the switch transition between P level and N level, the
vectors not causing the switch transition between P level and N
level are selected as the new vector candidates.

A. Generation of Voltage Vector Candidates

In the first step, the voltage vector candidates are selected
according to the voltage references calculated with the deadbeat
control method. To compensate for the control delay, a current
prediction module is utilized based on (10). Fig. 4 is used to
exemplify the compensation of the control delay. As shown in
Fig. 4, the control scheme selects the loaded vector based on the
references at instant (k+2)7's and the initial values of variables at
instant (k+1)Ts. Hence, there exists a time delay of T, between
the sampling instant and the loading instant. In this article, this
time delay is compensated by the current prediction module,
such that the deadbeat control is executed with the predicted
values atinstant (k+1)T s rather than the sampled values at instant
kT,.

Then, the current references generated by MTPA are set
to be the desired currents at instant (k+2)7,. With deadbeat
control, the solutions are the voltages ensuring the currents at
instant (k+2)7T's to equal the current references exactly. So, the
voltage solutions are set as the voltage references. The concrete
implementation of deadbeat control is shown in

ugr* = La(ig1" —iq1(k+1))/Ts+Lam (ia2" —ia2(k+1)) /T
w(k)Lgiqr(k+1) — w(k) Lymiqa(k+1) + Ryiar (k+1)
uql* = Ly(ig1* —iq1(k+1))/Tst Lo (iga" —iga(k+1)) /T,

(k) Lt (K+1) + w(k)y + w(k) L (k-+1)

—|—Rslq1(k‘—|—1)

= Ld(idQ**idQ(k+1))/T9+Ldm (idl*fidl(kﬁL]-))/Tig
—w(k)Lgiga(k+1) — w(k)Lgmiq (k+1)
+Rsia(k+1)

uq2* = Lq(itﬂ _iq2(]H‘l))/Ts"'Lqm(iql*_iql(]H‘l))/Ts
w(k)Laiaz(k+1) + w(k)ys + w(k) Lamia (k+1)
+Rgigo(k+1)

12)
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Fig.5. Diagram of space voltage vector distribution in two NPC-3L inverters.
(a) Triangle region of the first inverter. (b) Triangle region of the second inverter.
(c) Hexagon region of the first inverter. (d) Hexagon region of the second inverter.

1d1 = 1d2 = §ld
T D (13)
g1 = lg2 = glq

where i;* and i,* are the d-axis and g-axis current references
obtained from MTPA, respectively. uq1*, ug1*, iq1™, and i1 * are
the d-axis and g-axis voltage references and current references
for the first winding, respectively, whereas u g2, ug2*, iqg2*, and
iq2" are the d-axis and g-axis voltage references and current
references for the second winding, respectively. With the voltage
references, the vector candidates are selected with the following
two steps.

Step I: The two sets of NPC-3L inverters are considered on
separate synchronous frames. Taking o 31-axis as the example,
the corresponding NPC-3L inverter has the distribution of volt-
age vectors as shown in Fig. 5(a). The plane has been separated
into 24 small regions. According to the NTV principle, the vector
candidates are located on three corners of the triangle containing
Vief1. For example, when the location of Vies; is located as
shown in Fig. 5(a), the vector candidates are PNN, POO, ONN,
and PON for the first set of NPC-3L inverter, which have been
marked in red. Similarly, the vector candidates of the second
inverter in Fig. 5(b) are POO, ONN, PNO, and PNN for the
second set of NPC-3L inverter. It should be noted that the vector
candidates causing the switch transition between P level and N
level are required to be disqualified, as shown in the flowchart in
Fig. 3(b). Suppose all the vector candidates are disqualified, the
triangle region in the NTV principle is expanded to the hexagon
region, as shown in Fig. 5(c) and (d). In Fig. 5(c), new vector
candidates of the first inverter are PPO, OON, OO0, POP, ONO,
and PNO. In Fig. 5(d), new vector candidates are PPO, OON,
PON, OOO, POP, and ONO for the second inverter. These vector
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| Select Vector Candidates |

in the first
winding

Vector candidates

N in the second -7
T~ _ winding -
Fig. 6. Obtained 16 vector candidate sets of the two inverters.

candidates also require to be checked whether to cause switch
transitions between P level and N level. The difference between
the triangle region and the hexagon region is that there exists at
least one vector without the switch transition between P level and
N level in the hexagon region, whatever the previous switching
state is.

Step 2: The vector candidates of the two inverters are com-
bined, and they are used to construct the new vector candidate
sets. The combination is conducted because there exist the
cross-coupling effects between the two sets of windings in the
dual three-phase PMSM, which means that the switch transition
in an inverter for one winding will have impacts on the other
winding. For example, it is assumed that the vector candidate
sets in step 1 are {PNN, POO, ONN, PON} and {POO, ONN,
PNO, PNN} for the first inverter and the second inverter, respec-
tively. All possible combinations of these vector candidates are
shown in Fig. 6. Therefore, there are totally 16 (4x4) different
combinations of vector candidates with the first inverter and the
second inverter. These 16 vector candidate combinations are the
final candidate sets to be evaluated.

B. Evaluation of Voltage Vector Candidates

In the second step, the voltage vector candidate sets are
evaluated. The overall evaluation process has been shown in
Fig. 3(b). The values of V,,(k+2), i 41 (k+2), i 41 (k+2), i g2(k+2),
and i,o(k+2) are predicted with each voltage vector candidate,
separately. With the specified hysteresis bounds, the trajectory
extrapolation method is utilized to determine which voltage
vector candidate set possesses the best performance at the next
instant [16], [17]. Taking i,; as an example, the trajectory
extrapolation process is shown as Fig. 7. The dashed lines in
blue represent the linear extrapolation process. If the predicted
value i1 (k-+2) at instant (k+2)T, is within the hysteresis bound
of (igimin> ig1max), the trajectory extrapolation is able to be
conducted to find the length to hit the error bounds, which is
defined as the length of extrapolation. As shown in Fig. 7, the
extrapolation lengths of the four vector candidates VC;, VCa,
VCs,and VCy areequal to 2, 3, 1, and 4, respectively. The trajec-
tory extrapolation processes of g1, ig2, i42, and V,, are similar to
the process of i,1. Then, the smallest extrapolation length of i1,
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iq1, 142, Iq2, and V), is defined as the final extrapolation length
N of the corresponding vector candidate.

To evaluate the switching frequency, the number of commu-
tations is defined for each vector candidate as follows:

ne =Y |Sa(k+1) = Su(k)|, 2 € {a,b,c,d,e, f}.  (14)

With the final extrapolation length N and the number of
commutations n, the average switching frequency generated by
the vector candidate set is n,/(24NT). Considering the sampling
period T's is constant, the cost function of the FCS-MPC is given
as in the following equation:

Ns
N

If all the candidates have at least one variable with the pre-
dicted value at instant (k42)7Ts beyond the given bound, the
similar method as in [25] is used. The vector candidates will
be evaluated by another cost function, which is given as the
following equation:

g1 = 15)

g2 = Z )‘rgrv S {idh 7:qla id27 Z.q27 Vn}
l‘(k+2) — Tmax> -T(k'+2) > Tmax
Tmin — T(k+2), 2(k+2) < Tpyin
07Xmin S .’E(k+2) S Tmax
1

go= (16)

Ay =

ZTmax ~Lmin

where A vy, Aig1, Aig1s Aig2, and A,qo are the weighting factors
for the control of the midpoint voltage, d;-axis current, g;-axis
current, do-axis current, and go-axis current, respectively, and
Xmax and x,;, are the maximum value and the minimum value
within the error bounds of the corresponding variables, sepa-
rately. The weighting factors are set to be the reciprocal of the
difference between the predefined upper and lower bounds, i.e.,
the widths of the hysteresis bounds, to normalize the variables
and ensure the comparability between these variables. In this
article, the hysteresis bounds of current variables are set to be
+10% of the amplitude of the current reference in the corre-
sponding three-phase winding. Therefore, the weighting factors
for the currents are set as: A;q; = 1/(0.211%), A1 = 1/(0.2117),

Aigz = 1/(0.2127), Xig2 = 1/(0.215"), wherel] = ,/iﬁ —‘y—lﬁ
and I5 = /i3 + i75. The hysteresis bound for the midpoint
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Fig. 8.  Control sequence comparison. (a) Synchronous control. (b) Proposed
interleaved control.

voltage is set to be +0.5% of the dc-link voltage. There-
fore, the weighting factor for the midpoint voltage is given as
Avn = 1/(0.01U4c).

IV. INTERLEAVED MPC

Different from the synchronous control with simultaneous
sampling and control for two sets of three-phase windings,
the interleaved sampling and control scheme is proposed in
this section, where more degrees of control freedom of dual
three-phase motor drives are fully utilized. With the proposed
interleaved scheme, the equivalent frequency of sampling and
implementation of the control algorithm is increased. Therefore,
both the steady-state and dynamic control performance of the
motor drive will be improved significantly.

A. Control Sequence of Interleaved Sampling and Control

Fig. 8 is utilized to exemplify and compare the control se-
quence of the synchronous control method and the proposed in-
terleaved control method. With synchronous control in Fig. 8(a),
the variables of both windings are sampled at instant k7’5 and
the vectors of the two windings are loaded simultaneously at
instant (k+1)T,. Additionally, the state variables are expected
to track the reference values at instant (k+2)7,. The feature
of the synchronous method is that the sampling and loading
instants of the two windings are simultaneous and the whole
prediction horizon is equal to 27. One T in the prediction
horizon is to compensate for the control delay and the other
T in the prediction horizon is to evaluate the vector candidates.

On the other hand, with the interleaved method in Fig. 8(b),
the state variables of the first winding are sampled at instant
(k+1/2)T, and the selected vector is loaded at instant (k-+1)7,
whereas the state variables of the second winding are sampled at
instant kT'; and the selected vector is loaded at instant (k+1/2)T .
The feature of the proposed interleaved method is that the
sampling and loading instants of the two three-phase windings
are interleaved by T,/2, and the whole prediction horizon is
equal to T, instead of 27 with the synchronous control. In
the whole prediction horizon of T with the interleaved control,
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Fig. 9. Block diagram for the implementation of the two-layer MPC.

0.5T, is for the compensation of the control delay and 0.57  is for
evaluation of the vector candidates. The detailed principle and
implementation of the proposed interleaved MPC scheme with
the control sequence of Fig. 8(b) are presented in the following
part of this section.

B. MOOP and Two-Layer MPC in Interleaved Control

Different from synchronous control, the proposed interleaved
control method only changes the switching state of a single three-
phase inverter during each sampling period. The switching state
of the other inverter is determined in the previous and the next
sampling period. Therefore, as aforementioned, there exists the
MOOP, where the dimension of objective variables exceeds the
dimension of controllable variables.

To solve the MOOP, a two-layer MPC is proposed in this arti-
cle based on SMPC in [21]—[23] and the feature of the dual three-
phase drives. The first layer is to ensure the torque-irrelevant
variables roughly within the tolerant range, and the second layer
is to execute the optimal control of the torque-relevant variables.
Considering the relationship between the dual dg-frame and the
VSD decoupling method, the torque-relevant variables can be
regarded as the sum of d; -axis and d»-axis currents, and the sum
of g1-axis and g»-axis currents.

The flowchart of the two-layer MPC in the interleaved control
is almost the same as Fig. 3(b), except for the reduced dimensions
in the cost function g5 and the criterion for selecting and evaluat-
ing vector candidates. The first layer of MPC is embedded in the
selection of the vector candidates, and the second layer of MPC
is the evaluation of the vector candidates. The implementation
of two-layer MPC is illustrated in the following content of this
part.

Taking the sampling and control at instant (k+1/2)T, in
Fig. 8(b) as an example, the implementation of the two-layer
MPC is presented in Fig. 9. It indicates that the control scheme
for the two-layer MPC is similar to that of the synchronous
MPC scheme in Fig. 3(b). The deadbeat control calculation is
implemented to determine the vector candidates with the same
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method in Fig. 5. Then, the evaluation of the vector candidates
is conducted, where the cost function of g; or gs is chosen,
depending on whether there exists a vector candidate to be
linearly extrapolated. As shown in Fig. 8(b), the new vector of
the second three-phase winding is loaded at instant (k+1/2)T
and the switching state of this corresponding inverter is kept
unchanged until the instant (k43/2)T. Therefore, the d»-axis
voltage U 4o and the go-axis voltage U, are fixed and known
during the control horizon of the first three-phase winding, i.e.,
the period from instant (k+1/2)T to instant (k+3/2)7T,. Conse-
quently, the 2-D desired current references, namely i 4,32 and
i q1k+3/ 2 are used in the control horizon of the first three-phase
winding with the proposed interleaved MPC. The desired current
references of i1 " ¥ and i,1¥"%? are calculated from the total
d-axis and the total g-axis current references. On the other hand,
the synchronous MPC scheme has to track the 4-D current
references.

1) First Layer of Two-Layer MPC: In the first layer, the
objective is to obtain the desired voltage reference for making
the difference between the dq-axis and the dy-axis currents and
the difference between the gj-axis and go-axis currents zero.
Meanwhile, the deadbeat control is used in the first layer to
regulate the sum of the d;-axis and ds-axis currents, and the
sum of the g;-axis and go-axis currents to ensure the con-
trol performance of the torque-relevant variables. In Fig. 8(b),
the sampling and implementation of the control algorithm of
winding | at instant (k+1/2)T are used as an example. Ac-
cording to the discrete-time model in (10), the ideal expres-
sions for the voltage references uq1”, uq1*, uq2”, and uqo*are
calculated as follows:

g™ = Rgig1(k+1) + La(ig1™ — a1 (k+1))/(Ts/2)
—o(k+1/2) Lomiqa (k+1)

+ Ldm(idg* — ng(k+1))/(Tg/2) — w(k+1/2)Lqiq1(k+1)
uq” = Ryigi(k+1) + Lq(ig1” —ig1(k+1))/(Ts/2)

+w(k4+1/2) Lamiqo(k+1)

+ Lam(iq2" —ig2(k+1))/(T5/2) + w(k+1/2) Laia (k+1)
+w(k+1/2)¢;

Uge™ = Rsidg(k’—l—l) + Ld(idg* — idg(/ﬂ‘—Fl))/(Ts/2)
—w(k+1/2)Lgmiq (k+1)

+ Lam(ia1* — ia1(k+1))/(Ts/2) — w(k+1/2)Lyiga(k+1)
Uga™ = Raiga(k-+1) 4 Ly(ige" — iga(k+1))/(Ts/2)
+w(k+1/2) Lamiar (k+1) + Lam (i1 — iq1(k+1))/(Ts/2)
+w(k+1/2)Laige(k+1)

+w(k+1/2)yy
(17)
d1 = ld2 = ild
1 (18)
iql* =g = aiq*.

It should be noted that u4o and u,o have been determined
and updated at instants k7 and (k+1/2)T, respectively, and
cannot be changed until instant (k+3/2)Ts. Therefore, the ideal
reference values of ug>* and uge™ in (17) are not able to be
implemented. However, the high sampling frequency in the FCS-
MPC scheme ensures there is no significant difference between
the values of u42 and u,> determined at instant kT and the
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reference values of ug>* and ug,o* derived in (17). Therefore,
it is reasonable to utilize u41* and u,;* in (17) to delimit the
region for the selection of vector candidates, roughly. It can
be seen from (17) and (18) that, the deadbeat calculation in
the interleaved control is almost the same as the synchronous
control, except for the voltage references reduced to be 2-D and
the discrete step is shortened to 7'/2.

Based on the voltage references, the NTV principle is utilized
to generate the vector candidates. With the interleaved control
sequence, it is not necessary to combine the vector candidates
of two sets of three-phase windings. Therefore, the proposed
interleaved control can reduce the number of vector candidates
significantly and simplify practical algorithm implementation.

2) Second Layer of Two-Layer MPC: The objective of the
second layer is to control the sum of the d;-axis and the d»-axis
currents, and the sum of the g; -axis and the gy-axis currents for
tracking the current references from MTPA. It is worth noting
that, itis only necessary to select two variables from i1, iq41, i42,
and i,o as the objective variables with the interleaved control
sequence. The other two variables will contribute naturally to
tracking the current references from MTPA. In this article,
the objective variables selected for winding 1 are ig; and ig,
whereas ig2 and i, are selected as the objective variables for
winding 2. In Fig. 8(b), the sampling and the implementation
of the control algorithm for winding 1 at instant (k41/2)T are
used as an example. Due to the interleaved control sequence,
the switching state of the second inverter is known and fixed
from instant (k+1/2)T to (k + 3/2)T s, and the values of u 4o and
u42 are also known and fixed. Therefore, in the instant between
(k+1)T and (k+3/2)Ts, there are the following relationships in
(19) with the fixed voltage values u 4o and u42:

ugy = Ryigg(k+1) + La(ig2(k+3/2) — ia2(k+1))/(Ts/2)
+ L (i1 (k+3/2) — i1 (k+1))/(T./2)
—w(k+1/2)Lyigo(k+1) — w(k+1/2)Lymiq (k+1)

tgr = Ruiga(k+1) + Ly(iga(k+3/2) — iga(k+1)) /(T/2)
+ Lom (iq1(k+3/2) — ig1(k+1))/(Ts/2)

+ w(k+1/2)Laige(k+1) + w(k+1/2)1 5 + w(k+1/2)
Lamiar (k+1).

19)
On the other hand, the control objectives of torque-relevant
variables are shown in the following equation:

{ iq1(k+3/2) + iga(k+3/2) = iq" 20)

iq1(k+3/2) +ig2(k+3/2) = i,".

In (19) and (20), the values of g1 (k+1), ig1(k+1), iga(k+1),
and i42(k+-1) are predicted based on the discrete-time model
(10), with the sampled current values at instant (k41/2)Ts and
the values of u41, 141, ug2, and u o determined in the previous
sampling periods. Therefore, it is observed that i;;(k+3/2),
iq1(k+3/2), ig2(k+3/2), and i42(k+3/2) are the four variables to
be solved in the 4-D equation sets in (19) and (20). The solutions
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Fig. 10.  Photograph of the experimental setup.

toiq1(k+3/2) and iy (k4-3/2) are given in the following equation:

ig1(k+3/2) = (Lgiaz2(k+1) + Lamiar (k+1) — Lgig*
+ud2Ts/2
—RsTgiga(k+1)/2 + w(k+1/2) Ly Tsigo(k+1)/2
+w(k+1/2)LgmTsiqr(k+1)/2)/(Lam — La)
Z.ql(k‘|'3/2) = (Lqmiql(k+1) + Lyige (k+1)
~Two(k+1/2)4; /2
7Lqiq* - RSTSti (k+1)/2 - w(k+1/2)Ldeid2(k+1)/2
—w(k+1/2) LamTsiar (k+1)/2 + uq2Ts /2) [ (Lgm — Lg)-
(2D
With the result shown in (21), the vector candidates deter-
mined in the first layer are evaluated. The evaluation functions
of the vector candidates are consistent with the synchronous
control, except that the amount of control objectives is reduced.
Taking the sampling and the implementation of the control
algorithm in the first winding at instant (k4-1/2)T in Fig. 8(b)
as an example, the cost function g, in the interleaved control
scheme is shown in the following equation:

go = Z)ngaivm S {idlaiqla Vn}
2(k+2) — Zmax, ©(k4+2) > Tmax
Tmin — £(k+2), 2(k+2) < Zmin
O7Xmin S $(k+2) S Tmax
1

Ap =

Tmax ~Lmin

where the values of the weighting factors are set the same as
those in (16), namely A;q1 = 1/(0.2117), Ayq1 = 1/(0.21,), and
Avn = 1/(0.01U4.). Compared with the synchronous control, the
computational burden in evaluating a single vector candidate in
the interleaved control is relieved, since the control objectives
are reduced from {V,,, ig1, ig1, ig2, ig2} to {Vy, ig1, ig1} with
the proposed interleaved control.

V. EXPERIMENTAL VERIFICATION

The experiments are carried out on a laboratory prototype
of NPC-3L inverter-fed dual three-phase PMSM drive to verify
the effectiveness of the proposed interleaved control scheme. A
photograph of the experimental setup is shown in Fig. 10. In
the experiments, the control schemes are implemented by DSP
TI-TMS320F28346 and field-programmable gate array (FPGA)
Xilinx-Spartan6 XC6SLX25. The DSP performs the control
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TABLE I
KEY PARAMETERS OF EXPERIMENTAL SETUP

Name Value
Pole pair number 4

g-axis inductance 13.0mH
d-axis inductance 10.0 mH
Leakage inductance 5.0 mH
PM flux (amplitude) 0.08 Wb
Stator resistance 0.225Q
DC-link capacitance 4000 pF
Vector selection frequency 7.5 kHz
DC-link voltage 100V

-
Average THID:I 9.3 |6% f=724Hz
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Fig. 11.  Stator currents of phases A, B, D, and E. (a) Current waveforms
with the synchronous MPC scheme. (b) Zoomed current waveforms with the
synchronous MPC scheme. (c) Current waveforms with the proposed interleaved
MPC scheme. (d) Zoomed current waveforms with the proposed interleaved
MPC scheme. (e) Spectrum for the current of phase A with the synchronous
MPC scheme. (f) Spectrum for the current of phase A with the interleaved MPC
scheme.

algorithm and the FPGA generates the control signals of the
inverters. A three-phase permanent-magnet generator is coupled
to the dual three-phase PMSM to act as the load. The key system
parameters are listed in Table L.

First, the steady-state control performance of the synchronous
MPC and the proposed interleaved MPC under the 50 Hz fun-
damental electric frequency is compared in Figs. 11-17. Fig. 11
compares the waveforms of the stator currents of phases A,
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Fig. 14.  Steady-state current waveforms with the synchronous MPC scheme.
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Fig. 15. Steady-state current waveforms with the interleaved MPC scheme.

(a) d-axis and g1 -axis currents. (b) d2-axis and go-axis currents.

B, D, and E with these two control schemes. Fig. 11(a) and
(c) shows the current waveforms of 12.5 fundamental cycles
with the synchronous and with the interleaved MPC schemes,
respectively. Fig. 11(b) and (d) shows the corresponding zoomed
waveforms of 2.5 fundamental cycles. At first, the switching
frequency is calculated for each power switch by counting
the number of switching actions in 1 s. Then, the average
switching frequency is obtained by averaging the switching
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frequencies in 5 s [26]. The average switching frequencies of
the synchronous control and the interleaved control are 724 and
489 Hz, respectively. The switching frequency is an average
value because it usually fluctuates within a small range with the
MPC control scheme. It is observed that the average switching
frequency is reduced by 32.5% by using the interleaved control
scheme, compared with the synchronous control. Moreover, the
total harmonic distortion (THD) value for each phase current
is calculated with the measured data of 12 fundamental cycles.
Specifically, the THD values of the currents in phases A, B, D,
and E using the synchronous MPC scheme are 17.97%, 20.60%,
19.87%, and 18.98%, respectively. The corresponding average
THD value is 19.36%. On the other hand, the THD values of the
currents in phases A, B, D, and E using the interleaved MPC
scheme are 9.34%, 8.89%, 9.69%, and 8.86%, respectively.
The corresponding average THD value is 9.20%. Moreover, the
current spectrums of phase A using the two control schemes
are shown in Fig. 11(e) and (f), respectively, where the flat
spectrum is observed. The reason is due to the variable switching
frequencies using MPC schemes, and the current spectrum does
not possess characteristic harmonics [15]. From Fig. 11(e) and
(f), it can be observed that the current harmonics using the
interleaved MPC scheme are less due to the reduced current
ripples, compared to the synchronous MPC scheme. Therefore,
the proposed interleaved control offers better THD performance
while using lower switching frequencies.

Fig. 12 compares the dc-link capacitor voltages and the mid-
point voltage fluctuation waveforms. The waveforms on the
top are voltages of the upper and the lower capacitors in dc
link. The waveforms at the bottom show the midpoint voltage
waveforms. The value of V.« is set to 0.5%Uyq., equaling
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0.5 V. It is observed that fluctuations of the midpoint voltage
using the synchronous control and the interleaved control are
1.60 and 1.30 V, respectively. Since the interleaved control
possesses the smaller control delay, the interleaved control can
suppress the fluctuation faster when the midpoint voltage is ap-
proaching the hysteresis bounds. Fig. 13 shows the steady-state
speed and torque waveforms. It can be observed that both the
two control schemes possess satisfactory tracking performance.
The peak-to-peak torque ripples of the synchronous control and
the interleaved control are 1.21 and 0.76 N-m, respectively.
Figs. 14 and 15 show the steady-state waveforms of d;-axis
current, g-axis current, ds-axis current, and gs-axis current. It
is observed that these currents can track the reference values well
with both of the two control schemes. As shown in Figs. 14 and
15, the peak-to-peak values of tracking errors for the d;-axis,
the gi-axis, the do-axis, and the go-axis current are 2.3, 1.8,
2.5, and 2.5 A, respectively, with the synchronous control,
whereas those values are 1.6, 1.3, 1.4, and 1.2 A, respectively,
with the interleaved control. Therefore, Figs. 11-15 verify that
the interleaved control scheme possesses significant superiority
in steady-state control performance with the higher equivalent
frequency of sampling and control for the drive system.

Fig. 16(a) and (b) shows the experimental results of the
prediction errors of ig1, i1, iq2, and iy with the synchronous
MPC scheme and the interleaved MPC scheme, respectively. The
symbols of e_ig1, e_iq1, e_iq2, and e_i o denote the prediction
errors of ig1, ig1, ig2, and i,o, respectively. The prediction
horizon includes two parts: the first one is from the sampling
instant to the loading instant, and the second one is from the
loading instant to the final prediction instant. Therefore, the total
prediction horizon for the synchronous MPC scheme is 27T,
as shown in Fig. 8(a). On the other hand, the total prediction
horizon for the interleaved MPC scheme is T, as shown in
Fig. 8(b). Since the total prediction horizon is reduced by half,
the current prediction errors with the interleaved MPC scheme
are smaller than those with the synchronous MPC scheme, as
shown in Fig. 16. Fig. 17 compares the experimental results of
the midpoint voltage prediction and proportions for the choice
between the two cost functions g, and go with the synchronous
MPC scheme and the proposed interleaved MPC scheme. e_V,
denotes the error of the midpoint voltage prediction within the
total prediction horizon. As shown in Fig. 17(a) and (b), it is
observed that the prediction error with the proposed interleaved
MPC scheme is smaller than that with the synchronous MPC
scheme. Therefore, the control performance of the midpoint
voltage fluctuation is better with the proposed interleaved MPC
scheme. To further illustrate the reason for the interleaved MPC
scheme with the lower switching frequency, a flag, namely Fost,
is used to indicate the choice between the two cost functions g
and go. As shown in Fig. 17, the high level of F.s, namely
the value of 1, indicates that the cost function g; is used to
determine the final selected vector. On the other hand, the low
level of Fost, namely the value of 0, indicates that the cost
function g is used to determine the final selected vector. In the
experiments, the average values of F s are 0.73 and 0.91 with
the synchronous MPC scheme and with the proposed interleaved
MPC scheme, respectively. It indicates that g; is utilized more
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Fig. 18. Experimental results of the synchronous MPC scheme and the inter-
leaved MPC scheme under different speed conditions. (a) Switching frequencies.
(b) THD values. (c) Torque ripples. (d) Midpoint voltage fluctuation.

frequently with the interleaved MPC scheme, which contributes
to the more effective reduction in the switching frequency.

Second, the experimental results of the switching frequencies,
THD values, torque ripples, and midpoint voltage fluctuation of
the two control schemes are compared under different speeds
in Fig. 18. Fig. 18(a) shows that the switching frequency of
the interleaved control is smaller than the synchronous control
under all tested speeds. Meanwhile, Fig. 18(b) shows that the
interleaved control offers the lower THD values of stator currents
compared to the synchronous control. Fig. 18(c) shows the
torque ripple of the drive under different speeds. It is observed
that the torque ripple of the synchronous control is around
1.4 N-m, whereas the torque ripple of the interleaved control is
approximated to be 0.9 N-m. Fig. 18(d) shows the experimental
results of the midpoint voltage fluctuation. In Fig. 18(d), it is ob-
served that the midpoint voltage fluctuation of the synchronous
control is around 1.60 V, whereas the fluctuation amplitudes of
the interleaved control are roughly around 1.25 V. Therefore,
the experimental results in Fig. 18 have verified the superiority
of the proposed interleaved MPC scheme in steady-state control
performance with the lower switching frequencies.

Third, the dynamic control performance of the synchronous
MPC and the proposed interleaved MPC is compared in Figs. 19
and 20. The given speed reference switches between 500 and
750 r/min. It can be observed in Figs. 19(a) and 20(a) that
both the torque and the speed can track their reference values
accurately and quickly with the two control schemes. Figs. 19(b)
and 20(b) are the zoomed torque responses. The time of torque
response is 2200 us with the synchronous control, whereas the
torque response is 1800 s with the interleaved control, which
are shown in Figs. 19(b) and 20(b), respectively. Moreover, the
delayed time for the torque to start rising is reduced by half in
the interleaved control due to its doubled equivalent switching
frequency. The delayed time with the synchronous control is
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Fig. 19. Dynamic control performance of the synchronous MPC scheme. (a)
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Fig. 20. Dynamic control performance of the interleaved MPC scheme. (a)

Speed and torque waveforms. (b) Zoomed dynamic response of torque.

133 ps, corresponding to the sampling frequency 7.5 kHz. On
the other hand, the delayed time with the interleaved control
is 67 us, corresponding to the doubled sampling frequency of
15 kHz. Besides, it takes the proposed interleaved control the rise
time of 1800 s to track the sudden change of torque reference,
whereas the time is 2200 ps with the synchronous control. So,
the interleaved control offers less track time for torque response.

Lastly, the execution time of the synchronous control and
the proposed interleaved control is compared in Fig. 21. The
DSP program can be divided into four main parts, namely the
analog-to-digital (AD) conversion, the delay compensation, the
MPC algorithm, and the loading of the final vector. The programs
of the two control schemes are almost the same. Therefore, the
execution time of these three parts is the same with the two
control schemes. The execution time of the MPC algorithm
with the synchronous control scheme is 95.69 ps, whereas the
execution time of the MPC algorithm with the interleaved control
scheme is 20.28 us for each three-phase winding, and thus
40.56 ps for the two three-phase windings totally. Consequently,
the total execution times to control two three-phase windings
are 116.56 and 82.30 us with the synchronous control and
the interleaved control, respectively. The main reason for the
reduction of computational burden lies in that only voltage
vectors of one three-phase inverter are required to be evaluated,
and the switching state of the other inverter is fixed for each time
of sampling and calculation with the proposed interleaved con-
trol. Therefore, the cross traversal of vector candidates between
the two three-phase inverters can be avoided. It contributes to
the reduction of the computational burden for the interleaved
MPC scheme compared to the conventional synchronous MPC
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Fig. 21.  Execution time of the synchronous control and the proposed inter-
leaved control. (a) Whole program. (b) Evaluation of a single vector candidate.

scheme. Apart from that, Fig. 21(b) shows another reason for
the reduction of the computational burden, where the execution
time for the evaluation of a single vector candidate is less
with the proposed interleaved MPC scheme. The synchronous
control needs 4.28 us, whereas the interleaved control requires
3.02 ps due to the reduced dimension of control objectives.
Therefore, the computational burden of the proposed interleaved
control is still reduced, although it requires to implement the
AD conversion, the delay compensation, the MPC and load of
final vector twice during a whole period for dual three-phase
windings.

VI. CONCLUSION

In this article, the MPC scheme has been studied for the
NPC-3L inverter-fed dual three-phase PMSM drives with low
switching frequencies. The dual dg-frame based FOC is adopted
to control each of the three-phase winding on the separate
synchronous frames. Compared to synchronous control, the
proposed interleaved control methods possess the following
advantages.

1) With the interleaved sampling and control strategies, both
the delay in digital implementation and the prediction hori-
zon are reduced by half, which contributes to improving
the prediction accuracy of the control algorithm.

2) The proposed two-layer MPC in the interleaved control
doubles the equivalent frequency of sampling and control
for the whole drive. Therefore, the steady-state and the
dynamic control performance of the drive system are
enhanced.
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3) The proposed interleaved control avoids the cross traversal
of vector candidates between two sets of windings, which
simplifies evaluation functions of the vector candidates,
and contributes to the decrement in the calculation burden.

The experiments have been carried out to verify that the

proposed interleaved control can offer better performance in
harmonics, torque ripple, midpoint voltage fluctuation, and
dynamic response while maintaining the lower switching fre-
quency.
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