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Abstract—The conventional model predictive control (MPC)
selects one basic voltage vector through the enumeration process,
which will result in relatively high steady-state fluctuation and
random switching actions, especially when the motor operates in
low-speed areas. To enhance the control performance, a three-
level neutral-point-clamped (NPC) inverter is applied, although
this increases the complexity of the control algorithm for perma-
nent magnet synchronous motor (PMSM). In the proposed MPC
scheme, a set of coherent voltage vectors (CVVs) with movable
starting points is introduced to replace the basic candidates. The
pulse train of the optimal CVV is generated by single-carrier
modulation, and capacitor charge balancing in different sectors
can be included in the zero-sequence component injection. The
proposed CVV-MPC is characterized by simple implementation
and satisfactory performance under low switching frequency.
Comparative experiments are conducted to verify the effective-
ness and superiority of the proposed method.

Index Terms—Model predictive control (MPC), permanent
magnet synchronous motor (PMSM), three-level neutral-point-
clamped (3L-NPC) inverter.

I. INTRODUCTION

N the past decades, the three-level neutral-point clamped

(BL-NPC) inverter has been widely utilized in various
industrial applications, such as electrical railway traction and
motor drives [1]. Compared with the conventional three-phase
two-level inverter, 3L-NPC inverters own many salient ad-
vantages, including lower output harmonics, alleviated power
device voltage stress, reduced dV/dt, etc [2]-[4]. This makes
it ideally suited as a bridge between permanent magnet syn-
chronous motors (PMSMs) and DC sources, providing high-
performance driving effects. Thus, the PMSM drives fed by a
3L-NPC inverter are studied in this paper.

In recent years, various control techniques have been exten-
sively investigated, which is vital to electric drive systems [5].
Field-oriented control (FOC) with a proportional integral (PI)
and direct torque control (DTC) are the two commonly em-
ployed approaches. As a linear controller, PI can yield a stable
drive performance by setting the appropriate gain parameters
[6]. However, bandwidth issues limit the improvements in its
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dynamic performance. DTC considers the inverter and the
motor as a whole system, and it directly selects one appropriate
voltage vector without pulsewidth modulator [7]. Although
DTC has a fast dynamic response and strong robustness, the
torque ripples inevitably increase.

Different from these classical approaches based on feedback
concepts, finite-control-set m odel p redictive ¢ ontrol (FCS-
MPC) has attracted wide attention [8]. FCS-MPC features
a straightforward control structure, quick dynamic response,
and easy implementation of multiple constraints [9]. The
conventional FCS-MPC predicts the future states of the PMSM
and evaluates all feasible output voltage of an inverter. For the
3L-NPC drive system, the predictive model and cost function
need to be called 27 times respectively. However, it will
produce significant s teady-state r ipples d ue t o 1 ow average
switching frequency since it only applies one optimal voltage
vector in each control period [10].

Increasing the sampling rate is the most direct way to
refine t he p erformance o f M PC d uring s teady s tate, b ut this
makes its digital implementation difficult [11], [12]. To address
these issues, the prediction horizon is extended to 5 steps,
which performs better than the single-step MPC under a low
sampling frequency in [13]. Based on the concept of virtual
voltage vectors (VVVs), Liu et al. expand the control sets to
different amplitudes and angles [14]. In [15], 48 VVVs are
constructed by means of discrete space vector modulation.

MPC is also often implemented for grid-tied power con-
verters. In [16], virtual space vector-based MPC is applied
to a microgrid connected to the main grid, which includes an
energy storage system and solar power generation. The method
significantly improves the neutral point voltage balance and
output quality. To achieve robust characteristics against grid
impedance variations, an improved discrete space vector mod-
ulation is proposed [17]. Without the need for any lookup
table initialization process, the search range can be narrowed
down by simply determining a single sector and two concentric
hexagonal diagrams. In [18], a cascaded structure is used to
optimally achieve the two control targets of predictive current
and capacitor voltage in a phased manner.

Many other advanced techniques have been put forward,
such as MPC with multivectors and duty-cycle optimization-
based MPC. In [19], an active voltage vector along with a
zero voltage vector is applied over the whole control period,
and their optimal timing calculation is based on the g¢-axis
current slopes. In [20], an equivalent three-vector-based MPC
is proposed, and the conventional voltage vector space is
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reconstructed. In [21], the output voltage levels are modified
by adjusting the duty cycle. The optimal duty-cycle corrections
are determined based on current tracking error, which helps
reduce current distortion. To optimize the duty cycle for each
of the 24 redivided sectors, Donoso et al. made use of the
numerical values of cost functions [22]. The similarity between
these different variants of MPC is that they are required to
determine not only the optimal combination of output variables
but also every variable’s action time, which is computationally
intensive.

Therefore, several strategies have been investigated to han-
dle this key issue in recent years. Some schemes are devoted to
the deadbeat control for a fast transient response. Based on the
principle of deadbeat, Xie et al. adopt the predictive voltage
calculation instead of the current prediction [23]. Meanwhile,
the number of cost function calculations is reduced. However,
the scheme cannot solve the control constraints. In [24], the
sector label of the reference voltage is first d etermined by
the deadbeat principle, and then two non-zero vectors and
one zero vector are selected. However, a remarkable steady-
state error will occur due to the simple current control without
compensation. Another common approach is eliminating the
enumeration process and simplifying the selection of voltage
vectors. In [25], for example, the optimal vector combination
is determined according to the stator flux p osition a nd the
torque deviation. A low-complexity algorithm is proposed for
three-level inverter in [21], which reduces the candidate cases
to only seven.

Another inherent issue for MPC of the 3L-NPC inverter
is the neutral-point voltage unbalance, which will affect the
reliability and lifetime of the PMSM drive system. Generally,
balancing the neutral-point voltage can be achieved by adding
objective terms to the predefined c ost f unction, w hich also
takes full advantage of the multi-objective nature of MPC
strategies [26], [27]. However, different control targets are
required to be equipped with proper weighting factors, the
performance of each objective is coupled with each other.
The weighting factors are required to be fine-tuned by trial
and error, which consumes a lot of time and sacrifices the
fast dynamic response. Yang et al. balanced the neutral-
point voltage by selecting proper redundant small voltage
vectors [28]. The candidate voltage vectors to be evaluated are
effectively reduced, and the weighting factors are eliminated
as well. Zhou er al. decoupled the control process into two
stages in each control period and considered the nonlinearity
of the voltage vectors caused by the unbalanced neutral-point
voltage [29]. A novel balanced zero-sequence voltage injection
method to maximize fault tolerance was proposed by Li et al
[30]. It not only simplifies the calculation, but also achieves
the combination with neutral offset.

Although these recently emerged studies have been able
to enhance steady-state performance while balance neutral-
point voltage, the computational cost will further increase. For
example, if double vectors are applied in the entire control
cycle, there are totally 729 (27%) possible combinations to
be enumerated and evaluated [31]. When the consideration
of neutral voltage balance is included, the complexity of this
assumed double-vector strategy will increase exponentially.

Complex formulation to solve the optimization problem will
deteriorate the system’s dynamic performance and hinder its
practical application [32]. Thus, it is vital to find a novel MPC
algorithm that can simultaneously achieve smooth, error-free
output and reduce the complexity of online optimization.

This article investigates a coherent voltage vector-based
model predictive control (CVV-MPC) of 3L-NPC inverters.
Unlike the improved MPC mentioned above, the 27 basic
voltage vectors of a three-level inverter are coherentized before
being applied to predict the following instant operating states.
Only the finite set of coherent voltage vectors adjacent to the
previous output voltage is formulated, which is computation-
ally efficient. The abrupt change in the output voltage can be
simply and effectively avoided, thus realizing a smooth and
accurate control effect. The balance of neutral-point voltage
is explicitly considered in the prediction process to synthesize
the optimal coherent voltage vector. Different from [26], the
proposed method does not employ the PWM generator to
produce desired gate drive signals. In order to reduce current
distortion with a relatively lower sampling rate, a single carrier
mode applicable to the above algorithms is implemented, not
limited to original modulation schemes such as symmetrical
seven-segment.

The rest of this paper is organized as follows. Section
II introduces the basic topology of 3L-NPC PMSM inverter
drives and the principles of conventional FCS-MPC. Section
IIT presents the proposed CVV-MPC method, including delay
compensation, calculation of coherent voltage vectors, neutral-
point capacitor voltage balance, and generation of switching
signals. The experimental studies and comparative analysis of
different MPC methods are given in Section IV. In Section V,
the conclusions are drawn.

II. MODEL OF 3L-NPC PMSM DRIVES AND FCS-MPC
METHODS

A. Topology and Switching States of 3L-NPC Inverter

Fig.1 shows the topology of the 3L-NPC inverter, Vg is
constant DC bus voltage, Uc, and Ug, are DC-link bus top
and bottom capacitor voltages respectively. Assuming that the
two capacitors (C7 and C5) are perfectly charged to an equal
value of V./2.

Variables U,(xz = a,b,c) respectively express the node
voltage of three-phase arms. Taking Phase A as an example,
the four IGBTS, (S41,543) and (Sg2,544), are complementary
switching pairs, with only half the voltage stress on each IGBT
compared to the two-level inverter. Each phase arm, therefore,
has three switching states, the corresponding output value of
U, (Up or U.) may be — VgL‘, 0 or % For convenience, — VSC,
0 and Vg” are labeled as N, O and P. Fig 2 shows the total space
voltage vectors diagram generated from 27 switching states.
The voltage vector in the stationary a3 coordinate system is
given by:

Us = % (Ua + Uba + Uca2)

o Vdc

-3
where u, = uo+jusg refers to voltage vector supplied to ma-
chine terminals, S, € {1,0, —1} corresponds to three different

(D

(Sa + Spa + Sca2)
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Fig. 1. Topology of three-level NPC inverter.
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Fig. 2. Space voltage vectors diagram and 27 output states for the three-level
inverter.

voltage levels. @ = e/2™/3 represents phase displacement of
27 /3 among three phases.

B. Mathematical Model of PMSM

This paper focuses on surface-mounted PMSM, which have
the same dg-axis stator inductances, i.e., Ly = L, = L. The
machine model in the stationary «3-axis can be expressed as
follows: .

dig

L—2 =uy — Ryiy — jwetpel’r 2)
dt —_—

Ue

where 4, is the stator current; R, is the nominal stator
resistance. ¢y is the flux linkage generated by the permanent
magnet on the rotor side; w. is the rotor electrical speed.
Ue = jwepsel 9 denotes the back electromagnetic force, and
6, is the electrical rotor position.

And the mechanical equations for a surface-mounted PMSM
can be expressed as the cross product of the stator flux and
current as

T, = pniﬂs X 1g 3)

where p,, represents the number of pole pairs of the motor.
And the mechanical rotor speed is calculated using the
following equation

D 1
Twmt 5 (Te = Th) “4)

D = —

where J is the rotor inertia, 7; is the load torque, D is the
viscous friction coefficient, and w,, = w./p,, is the mechanical
rotor speed.

C. Predictive Models and FCS-MPC Strategy

For small sampling time, the forward Euler algorithm is
applied to (2). And discrete-time predictive currents can be
obtained, as shown in (5).

i 1) = 0 0) + 7 (a(8) = R () — e ()

where T, is the sampling time, k is the sampling interval.
15(k) and u4(k) are stator current and voltage in k-th instant,
respectively. i5(k 4+ 1) is the prediction in (k + 1)-th instant.

Then, (2) is transformed to the rotor reference frame and
rearranged as

tgs(k 4+ 1) = iqs(k) + E[ — Ryiqs(k) + we(k)Liqs (k)

L (6)
Fugs(k) — Yrwe (k)]

ias(k + 1) =igs(k)

2 [ Ratas (B) e (8) s () + g ()
(N
where i4s and iy are the direct and quadrature components
of the stator current, the same applies to the stator voltage.
The neutral-point voltage drift is defined as the difference
between upper capacitor and lower capacitor voltage:

Unpv = UC1 - UCQ (8)

Discrete-time predictive U,,,, can be represented as

T . , .
Unpv(k+1) = Unpy (k) + rel (Qaia(k) + Quin(k) + Qcic(k))
&)
where C' = C} = C} is the capacitor value and @, (z = a, b,
c) depends on the voltage level of each phase and is defined

as
Q. = 1 ifS, =0
¥ 0 otherwise

The conventional FCS-MPC takes all 27 vectors into (5)
to calculate predictive currents at the next sampling time and
then uses the predictive currents to calculate cost function as
follows:

J = iy — ias(k+ 1) + [i%, — ige(k + 1)]?

qs

(10)

Y

where i}, is the d-axis reference current. To maximize the
motor torque, set ¢, = 0. In this way, i, is at 90° to the
rotor flux vector. i;s is the g-axis reference current, which is
generated from the PI controller of the outer speed loop.
The vector that can minimize the cost function is selected
and used in the next sampling time. The control process of
the conventional FCS-MPC control method with a 3L-NPC
inverter consists of the outer speed loop and the inner stator
current loop. Conventional FCS-MPC only has a single control
objective, which is to minimize the current tracking error, and
the neutral-point voltage balance does not take into account.
Applying only one basic vector per sampling cycle results in
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very unsmooth output. Meanwhile, a total of 27 switching
states are in the alternative list, and each basic vector needs
to be predicted by (5) and calculated by (11), which causes
a heavy computational burden on the processor and makes
it difficult to operate at high switching frequency. The total
calculation time per sampling period is up to 54, and 8
redundant voltage vectors are also accounted for.

III. PRINCIPLE OF THE PROPOSED CVV-MPC
A. Delay Compensation

To compensate for one-step delay, it is essential to predict
forward two steps at kth with i4(k) as the initial condition and
obtain the predicted value is(k + 2). First, the stator current
and rotor position at kth instant are sensed, and the applied
voltage vector wus(k) is considerated. Then substitute them
into (6) and (7) to predict i45(k 4+ 1) and i4s(k + 1). Finally,
predict the impact of different candidate voltage vectors on
current during the (k + 2)th control cycle:

1
iqs(k + 2) = z.qS<k + 1) + 27 [_Rsiqs(k + 1) - we(k + 1)

Lids(k’ + 1) +Ugn — ¢fwe(k + 1)]

T 12)
[—Rgias(k + 1) + we(k 4+ 1) Ligs(k + 1) + ud%)
(

where the integer n=0, 1, 2 ..26 corresponds to the vector
numbers shown in Fig. 2. In this way the optimal voltage
vector for (k + 1)th instant is calculated at kth instant and
will be applied to the inverter at (k + 1)th, thus the one-step
delay in voltage and current is compensated.

B. Voltage Vector Coherence

In the FCS-MPC presented in the previous section, the best
voltage vector is selected among the 27 available vectors and
applied during the entire control period. This will cause the
output voltage to change abruptly, and is also computation-
ally inefficient. To address these maladies, we introduce the
concept of coherent voltage vector, which relates the voltage
vectors of the current time step to the previous step. The
candidate set is modified as follows:

u?lqn(k‘) = 8au§q(k - 1) + (1 - ECK) Udgn (14)

where uqq, denote different candidate voltage vectors, €4
denotes the degree of coherence and takes values in the interval
[0, 1), the larger ¢, is, the more pronounced the coherence of
the voltage is.

In order to avoid repeated calculation of redundant vectors
and reduce the number of calls to the formula, the original
voltage vector shown in Fig. 2 is simplified, a nd o nly the
outermost 6 vectors are considered. Such w4y, intervals of 60°
also make full use of the rich vector resources of the three-
level inverter. Fig. 3 shows the candidate vector selection for
several control cycles, which have been coherentized. There-
fore, the cost function considering the delay compensation is
constructed as:

J=lif — ik +2) + i —ic(k+2))° A9

: The original voltage vector of
the three-level inverter in Fig. 2

N
< «

—— :Output CVV of the previous instant after
proportional coherentization ug,"(k-1)

Il Il Il Il »
[3 k+1 k+2 k+3 <

: The 6 candidate ugqn
(Proportionately processed)

——=>: The Optimal uyq, selected at the current
Instant (Proportionately processed)

Fig. 3. Optimal CVV selection process in several control cycles.
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Fig. 4. Performance comparison of a 2 Nm load torque applied at 0.1s. (a)
€4=0.3. (b) £o=0.5.

From analysis (14), we can know that if ¢, is too large,
it will reduce the output capability and affect the tracking of
the reference value. When ¢, is zero, it is exactly the same as
before the coherentization process. Therefore, it is necessary
to set an upper limit for €, to ensure that the dynamic response
can be at the same level as conventional control methods. Fig. 3
illustrates the scenario when £,=0.5, a value chosen to ensure
that the cut-off frequency is approximately equal to the
bandwidth of the conventional MPC, while also maintaining
the coherence of the CVVs. Fig. 4 presents the simulation
results with €, set to 0.3 and 0.5, respectively, demonstrating
that there is little difference in current tracking performance
during sudden torque changes. It is evident that 0.5 serves as
the optimal value for coherence while ensuring adequate
dynamic performance.

C. Optimal CVV Synthesis with Neutral-Point Capacitor Volt-
age Balance

Among the 6 ug,, pointing in different directions, the one
with the smallest cost function is selected as the optimal CV'V.
After that, its corresponding active vectors group and duration
time need to be determined in the conventional methods.
In this paper, a novel vector space decomposition adapted
to the concept of vector coherence is employed to reduce
the computational complexity without the need for multiple
optimizations. Therefore, we must first know the precise sector
of ug, according to the geometric relationship. The desired
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TABLE I
CVV SECTOR JUDGMENT

Sector number (N) Corresponding CVV S, Sh Se
I us >0 <0 <0
i u§ >0 >0 <0
11 u <0 >0 <0
v ug <0 =20 >0
v ug <0 <0 20
VI ug >0 <0 >0
el
B
A T2 PON

Tz PNO

@ (b)

Fig. 5. Quadrilateral sectors and CVV synthesis. (a) Division of I-VI
sectors.(b) CVV synthesis path in sector I and corresponding vectors.

CVV in the stationary o — 3 reference frame is obtained
through inverse Park transformation:

e .

Uq

4]

Transform it to the per unit format taking V. as benchmark
and represent it as the three-phase symmetric form:

—sin@
cos 0

cos 6

sin 0 (16)

ur =m-sinf
u; =m-sin (6 — 2F) (17)
us =m-sin 9+2§)

where m = /3-V¢ /Vie, 8 = wt (w is the angular frequency).

In existing studies, the three-level vector space is often
divided into six sub-hexagons [33], [34], which are simplified
to two-level algorithms to narrow the range of optimization
search and reduce switching losses. However, adjacent sub-
hexagons have overlapping areas. As shown in Fig. 5(a), this
paper designs a more reasonable sector division method by
combining the properties of the sub-hexagon rule. The sector
position can be determined directly based on the number of
uy, that minimizes the cost function. As shown in Fig. 5(b),
each u;, can also be regarded as synthesized from the center
vector of each quadrilateral sector as the starting point. This
eliminates the need to call the inverse trigonometric function
and the cumbersome sector judgment and sub-sector judgment
processes. The relationship between u;, and sector number N
is shown in Table I.

In this subsection, an efficient zero-sequence component
injection algorithm is implemented, which make full use of the
sign law of S, in Table I. The conventional approach requires
iterative determination of the positive and negative phase
voltages after superimposing the zero-sequence components,

Phase x (a, b, €) Phase x (a, b, ¢)

r
K <.;;
RS

dp. T, 2Ty ,
P
5.20 do. T, 05.20 I, do.T. | o
| -] » | S St o1
'—‘ o f—‘ o
$,<0 NS-<0 N
@ (b)

Fig. 6. Single carrier modulation mode. (a) Generation of duty cycle when
h% is positive. (b) Generation of duty cycle when h% is negative.

and eliminating this process can save a lot of computational
resources. The corrected modulation wave h} of each phase
is:

(18)

Since each sector corresponds to a specific combination of
switching function signs, the required CVV can be achieved
only by changing the duty cycle of single carrier. Fig. 6
shows the adopted single carrier modulation mode, which
greatly reduces the amount of computation and simplifies
the modulation process while providing strong neutral-point
voltage balancing. By comparing the green modulated wave
with the purple carrier wave, switching signals that contains
two states S; € {1,0} or S, € {0,—1} are produced.
According to (9), only when the output state of a phase is
O, the load current of that phase flows through the neutral-
point and has an effect on the neutral-point potential. The
relationship between the average neutral-point current and the
load current as well as the three-phase switching state in one
control cycle is as follows:

19)

iNP = doala + dobin + docic

where doy denotes the O-state duty cycle of phase x, which
is calculated with respect to the positive or negative of S, :

(1+h3)/2,

Sx >0

20
S <0 (20

dOX =1- IdNPx| =

Taking CVV located in sector I as an example, substituting
(18) and (20) into (19):
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To achieve active control of the neutral-point potential
balance, the DC bus capacitor voltage variation is detected
and feedback correction is formed. The relationship between
the voltage deviation U,,;,, and the neutral-point current within
a control cycle is:

Unpv = Uc, = Uc, = gi\jst/C 22)

where i) p is the average increment of the neutral-point current
caused by the charging and discharging of the capacitors,
which requires adjusting the zero-sequence voltage injection
amount.

inp +inp =0 (23)

1 [CUppy 1 , ‘
Uzs = — - — U*ZC +’U/:Z 24
i \/3( b b) (24)

In the same way, the expressions of the zero-sequence
components in the six sectors can be found in Table II.

An exact mathematical relationship between the neutral-
point average current and the zero-sequence component is
established in each small quadrilateral sector of the simpli-
fied t hree-level v ector s pace. I tc anb e s eent hat o nly the
original CVYV, the output current, and the upper and lower
capacitor voltages are needed to generate the zero-sequence
components required to balance the neutral-point potential,
and the expression is simple and does not contain complex
trigonometric calculations. Its computational complexity is
significantly reduced as well. After simulation verification, the
computation time for its prediction optimization is only about
10% of that required by the strategy in [22]. With vector
coherence, only 6 evaluations are needed to determine the
optimal solution, eliminating the necessity for precise sector
localization.

D. Pulse Train Generation

Once we have found the optimal CVV through the cost
function and synthesize it with single carrier zero-sequence
injection method, we next need to generate switching signals
based on it. To prevent duty cycle saturation, resulting in
output voltage distortion, the zero-sequence component must
be reasonably limited.

Uzsmax — 1- % max (u:7u?;7u>(k) (25)
2 .
Ugsmin = —1 — ﬁmln (UZ,UZ,UZ)

+ 2uzs) ic]

Phase x (a, b, ) I Phase x (a, b, ¢)

1IN

;\ :u //‘
A

h Y

Fig. 7. Dual-carrier modulation mode under initial and improved modulated
waves. (a) Two carriers are fixed. (b) Lower carrier is adjustable.

When the injected zero-sequence component goes up to
Uzsmax OF down to U,smin, the duty cycle of one phase will
becomes 1, and the switch does not operate during this cycle.
Under these conditions, in order to maintain the regulating ca-
pability of the neutral-point balance, a dual-carrier modulation
is taken to generate the desired switching signals. As shown
in Fig. 7, the charge is balanced in one control cycle under
the effect of the compensation amount, and it can be derived

as:
CWUec,—Uc,)+ X _, doxix

a, 26
Zx:a, b,c Sign (h;) ix ( )

off =

E. Control Block Diagram and Implementation Steps

Based on the above analysis, the proposed control strategy
is implemented in three progressive stages shown in Fig. 8.
In summary, the proposed strategy can be implemented in the
following steps:

Step 1 Measurement: Sample the motor speed and rotor
position, as well as the stator currents ¢,. Record the voltage
vector applied at the current moment.

Step 2 Desired value calculation: Develope the discrete
mathematical model of PMSM. Like the conventional FCS-
MPC method, use the external speed loop to obtain the current
reference 7, and set iy to 0.

Step 3 CVV selection: The original voltages pointing in
different directions are coherent through (14) and synthesized
into ug, together with the state of the output of the previous
moment. Predict the future states of the current at (k + 2)th
instant for all candidate CVVs by the discrete models in (12)
and (13). This operation is designed to offset delays due to
the computational process and ensure the timeliness of the
control response. The cost function J is evaluated, and the
ug, correspongding to the minimal current error is selected.

Step 4 Zero-sequence component injection: Use the voltage
deviation U, on the DC bus side to calculate the average
neutral-point current ixp. According to Table II, based on the
quadrilateral sector number where the optimal CVV is located,
the corresponding zero-sequence component u,s used to bal-
ance the neutral-point potential is calculated. The modified
modulated wave amplitude A3 is then obtained from (18).
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TABLE II
NEUTRAL-POINT CURRENTS AND ZERO SEQUENCE VOLTAGES IN SIX SECTORS

Sector iNP Ugs
. 1 . . 1 [CU 1
1 — [uzsza + 7 (ul*;zc + uzzb)] P [ szv - % (uﬁlc +u Zb)]
. 1 . . 1 [ CU, 1
n wasic + g (i + i) [ — & (g + utiv)]
I ; 1 s * 1 [CUnpv 1
— |Uzsiy, + 7 (ukic + ukia) i T — 5 (u ic +ul zb)
. 1 . . 1 [CU, 1
v Uzsta + (upic +ugiy) . [ T — s (ufic +u zb)]
. 1 . . 1 [CU 1
\% - [qulc + 73 (u;zb + u’{)za)] i [ TIS"’V -7 (u ic + u, zb)]
X 1 . . 1 [ CU, 1
VI Uzsth + % ('Uf:;lc + Ugla) i [ Tl:pv — % (u;zc +u, Zb)]
/ Gl > / " Second stage:Neutral-point
‘. c| potential balancing algorithm i, (k)
w i Choose the CVV that Iﬁdpl based on zero-sequence injection U‘i.(k)
o 4 Minimizes the cost U, Modulated waves containing @
) ° function (15) | zero-sequence components — Ue, (k)
u . \|_according to Table Il and (18). |/
Yagnd S

Generate coherent voltage vectors as

|
| |
| |
| |
| ) 1 |
| candidates according to (14). | | \
- - = Sector switch
| da (k+ 2_)1,1 (k+2) 447 i | | e ateret |
| Predict the future currents at (k+2) th | according to Table I. L
I using (12) and (13), obtain the reference | >
| value through the external speed loop. | | ) >
[ ': —|
| Sample stator current and measure motor | |
| speed, rotor position. | = Lyl
| First stage: CVV-based model | | Tcglrr::rtagfsesllpa?:]e >
\ predictive current control / \ 2l
__ Generation __ _ 12 channel
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Fig. 8. Block diagram of proposed MPC algorithm.

Step 5 Switching pulses generation: Before the final refer-
ence voltage h is output, it is limited according to (25). Based
on the switching function signs in Table II, i is converted to
a two-channel signals, and then, with only a single triangular
carrier to compare with, four drive signals can be generated.

IV. EXPERIMENTAL RESULTS

In order to investigate the performance of the proposed
method, a series of experiments have been carried out with a
3L-NPC-fed PMSM drive. The test rig is depicted in Fig. 9. A
dSPACE MicroLabBox DS1202 is used as the controller, and
the 3L-NPC inverter is composed of IGBT. Table III lists the
detailed parameters of the PMSM and inverter. Current probes
(Keysight N2783B) are adopted to measure the three-phase
motor currents, and the experimental waveform is displayed in
a digital oscilloscope (Tektronix MDO3024). The test bench
integrates torque and speed sensors and a magnetic powder
brake, which can provide speed and torque information.

A. Steady-State Performance Comparison

First, the steady-state performance tests were carried out
under the command of 500 r/min with rated load. To verify the
superiority of the proposed method, the experimental results of
the conventional multi-virtual-vector MPC (M2V-MPC) [35]
with the same sampling and switching frequency were also
presented. The waveforms of speed, three-phase currents for

R
Magnetic

powder brake
A\

DAC/ADC
Signal port

Fig. 9. Test bench of the 3L-NPC inverter system.

TABLE III
PARAMETERS OF THE PMSM DRIVE SYSTEM

Parameter Description Value
Ve DC-link voltage 240 V
L dg-axes inductance 1.55 mH
R Stator resistance 0.65 Q
Py Rotor flux linkage 0.225 Wb
np Number of pole pairs 4
J Rotational inertia 0.00086 kg - m?
Pn Rated power 600 W
Te Rated torque 6 N-m
nN Rated speed 1000 r/min
Ts Sampling period 100 ps
Ci,2 DC-link capacitance 560 uF

the two methods are shown in Fig. 10, as well as the phase a
current harmonic spectrum and the scaled-up d-axis current.
It can be seen that both methods track the speed reference
well at constant torque, and the proposed method is more
stable in comparison. The results of Fast Fourier Analytical
Transform (FFT) show that the Total Harmonic Distortion
(THD) of phase current is 3.25% for the conventional method
and 2.71% for the proposed method, which is the effect of
using coherent voltage vector and zero-sequence component
injection. The proposed method is able to track the d-axis
current target stably with a maximum tracking error of about
0.15A, which is much lower than that of M2V-MPC. The
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Fig. 10. Comparison of steady-state performance at rated load, 500 r/min.
From above to below: speed, three-phase currents, harmonics spectrum, d-axis
current. (a) M2V-MPC. (b) the proposed method.
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Fig. 11. Comparison of steady-state performance at rated load, 1250 r/min.

From above to below: dc-link capacitor voltages, phase-a output currents, line-
line voltage. (a) M2V-MPC. (b) the proposed method.

proposed method is better than MV2-MPC in terms of current
quality and d-axis current ripple.

Steady-state behavior of the PMSM for the two methods
is also tested at 1.25 times the rated speed (1250 r/min), and
the waveforms are illustrated in Fig. 11. Although the output
currents of both FCS-MPC algorithms are sinusoidal, the
proposed method has a lower current distortion of 2.55%. The
employment of CVVs with adjustable amplitude and moveable
start point can still improve the current quality significantly
during high-speed operation. It can also be seen from Fig.
11 that the neutral point voltage deviation (Uc,-Uc,) in the
proposed method is limited to 1.18 V (peak-to-peak), while
more spikes are present in M2V-MPC.

In order to quantitatively compare the steady-state perfor-
mance of the motors using the two methods, the torque ripple
is evaluated using the standard deviation equation.

1 N

0o =\ 3 D () — ),

n=1

27

1N
:N;ETL

where N is the number of sampled data; o. represents the
torque standard deviation or., respectively; and *V¢ is the
corresponding mean value.

The steady-state performances across the full motor speed
range was experimentally investigated for both methods under
rated load, with results presented in Fig. 12. The proposed
method demonstrates superior performance throughout the
entire speed range. Numerical comparisons indicate that the
average torque ripple of the proposed method is 39.65% lower,
and the average THD is 66.21% lower than that of the M2V-
MPC.
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E 0.70 == Proposed method|
207} .
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Fig. 12. Quantitative comparison of the control performance of the two
methods. (a) Torque ripple. (b) THD.
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Fig. 13. Dynamic response of motor speed and dq-axis current. (a) Start from
standstill to 500r/min with no load. (b) Speed change from 500 to 1000 r/min
with the rated load.

B. Performance Evaluation of Transient Response

Apart from the steady-state performance comparison, the
dynamic performance of the proposed method is also inves-
tigated. Fig. 13 shows the experimental results for the speed
and dg-axis currents transient response. It can be observed that
when the motor starts from standstill to 500 r/min with no load,
the proposed method is able to realize the response within 62
ms. During the transient process, the d-axis current decreases
because the motor operates within the field weakening area.

Moreover, Fig. 13(b) shows the ability of the drive to
respond to a sudden change in reference speed from 500 r/min
to 1000 r/min at the rated load. The rotor speed quickly reaches
the rated speed in just 45ms and 7, tracks its reference well.

To highlight the tracking performance of the proposed
methods during transients, Fig. 14 shows the zoomed d-axis
and g-axis current transient waveforms for the two methods
during the speed reversal (from forward to reverse).

It can be observed that the settling time of the proposed
method is only 1.08 ms, which is 1.7 times shorter than that
of M2V-MPC, and the overshoot is significantly lower. Due to

2 Time3 (ms) 4

2 Time?’(ms) 4

(a) (b)

Fig. 14. dg-axis currents transient-state response during speed reversal. (a)
M2V-MPC. (b) the proposed method.
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Fig. 15. Average switching frequency of the experiment at the fixed sampling
frequency. (a) Comparison of fsy at various speeds. (b) Responses of fsw
during speed reversal.

the candidate vector coherent processing, the output voltage
does not change abruptly, which results in a small dg-axis
current ripple, but the fast response is still maintained.

C. Investigation of Average Switching Frequency

The single carrier modulation mode and pulse train genera-
tion adopted in the proposed scheme can avoid two-level jumps
and the switching loss is reduced. To highlight this advantage,
the average switching frequency of the six IGBTs at the top
of the 3L-NPC inverter is defined as follows

6
1
= — g N,
fSW 6T P Ck

where N, is the number of state switchings of the kth IGBT
during the stator period 7.

For a fair comparison in the previous steady-state experi-
ments, the average switching frequencies of the two methods
were kept at approximately the same level. When the sampling
frequency is controlled to be fixed, t he a verage switching
frequencies of the two control schemes at different speeds are
tested, and the results are shown in Fig. 15(a). It is obvious that
the proposed strategy exhibits lower f,, over the entire speed
range, which verifies the benefit of limiting state switching to
the two types of (0<1) and (-14<30). At rated speed, fsw of
M2V-MPC is 4.514 kHz and f, of the proposed method is
3.536 kHz. Therefore, the latter reduces the average switching
frequency by 21.67% relative to M2V-MPC, although the
switching frequency is not included in the cost function, and
there is no need to tune the weighting factor.

Fig. 15(b) shows the switching status of the proposed
method during the transient process of the previous reversal
test, with fs, updated every 10 ms. It can be seen that
during the dynamic process, the average switching frequency
temporarily fluctuates. A fter t he t ransient p rocess e nds, fsw
can be restored to the level before the speed reversal. The
tests show that the specially designed coherent voltage vector
change rapidly in response to transient changes and remain
relatively stable after tracking the given value.

(28)

V. CONCLUSION

In this paper, a novel coherent voltage vector-based MPC
method is proposed and has been experimentally applied to
a PMSM system. Candidate vectors are coherently processed,
and the starting point can be movable according to the optimal
vector of the previous instant, thus avoiding sudden changes

in the output voltage. Zero-sequence component injection is
introduced to balance the neutral point potential, the amplitude
of which is judged according to the sector in which the CVV
with the minimum tracking error is located. Another innovative
point of the proposed method is in the generation of the
pulse sequence, which is not only easy to implement, but
also does not involve two-step jumps. The experimental results
confirmed that the proposed MPC method could achieve better
output current quality in the steady-state and faster transient
response in comparison with the conventional multi-vector
MPC. Under the full speed range conditions, the proposed
method features lower switching frequency, and the average
torque ripple is reduced by 39.65%.
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