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Abstract: This paper proposes a space vector modulation (SVM)-based common-mode (CM) currents
reduction method of an H8 inverter for permanent magnet synchronous motor (PMSM) drives.
There are power quality issues in the PMSM drive systems, such as current distortions and CM
electromagnetic interference (EMI) due to the fast-switching operation of the inverter. These issues
are related to CM voltage (CMV) and CM current (CMC). Although several studies have been
conducted to reduce the CMV and CMC, some CMYV variations and CMCs are still generated in the
real implementation. Unlike conventional methods, the proposed method selects the voltage vectors
with similar CMV levels and arranges them considering the series-connected switch operation of the
HB8 inverter in a voltage vector modulation sequence. At a low modulation index (MI), the proposed
method completely restricts the CMV variations into six times. At high MI, the proposed method
synthesizes the reference voltage vector differently, depending on the position of the reference vector,
to reduce both current distortions and CMCs. The validity of the proposed method is verified through
simulations and experimental results.

Keywords: common-mode voltage; common-mode current; two-level voltage source inverter;
permanent magnet synchronous motor

1. Introduction

With advancements in power switching devices, pulse-width modulated inverters
are now able to operate with high switching frequencies. Operation at a high switch-
ing frequency makes the inverter more compact, efficient, and attractive. However, as
the switching frequency increases, common-mode voltage (CMYV) issues become signifi-
cant [1]. In permanent magnet synchronous motor (PMSM) drive systems, CMVs cause
common-mode currents (CMCs) flowing through the parasitic capacitors. These CMCs
lead to problems in the PMSM drive system, such as the breakdown of winding insulation,
electromagnetic interference (EMI) emission, and communication errors [2—4]. Thus, CMV
issues are major concerns, which should be resolved before realizing the high-frequency
switching operation of an inverter in real-world applications.

One way to alleviate the CMVs is to adopt a passive filter at the inverter input or
output side [5,6]. However, an optimal design method of a passive filter is complex and
requires trial and error. In addition, as the switching frequency of the inverter increases, the
filter becomes larger and heavier [7], which makes these filter-based solutions unattractive
in high-frequency switching operations.

On the other hand, the CMVs can be reduced without a passive filter by modifying the
modulation schemes of the inverter. In a three-phase two-level inverter, the highest CMV is
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generated at a zero-voltage vector (Vg or V7), as shown in Table 1. Therefore, conventional
modulation schemes usually exclude the use of zero voltage vectors. Pulse-width modu-
lation (PWM)-based CMYV reduction methods are classified into three categories: active
zero state PWM (AZSPWM) [8,9], near state PWM (NSPWM) [10], and remote state PWM
(RSPWM) [11-14]. The AZSPWM selects the active voltage vectors (V1-Vs) in the same way
as the standard space vector modulation (SVM), but the zero vector is replaced with two
active vectors [8,9]. Because two alternative active vectors have opposite directions with the
same magnitude, the average magnitude of the modulated voltage vector becomes zero. In
contrast, the NSPWM selects three active vectors to synthesize the reference voltage vector:
an active vector closest to the reference vector and its two neighboring active vectors [10]. In
both the AZSPWM and NSPWM, the reference voltage vector can be synthesized without
using the zero vector, thus ideally restricting the CMV magnitude to V;./6. However,
as the active vectors have different CMV levels (+V;./6 or —V;./6) that are selected in a
modulation sequence, there are several CMV variations between +V;./6 and —V;./6in a
sampling period. Since a pulsed CMC results from a high dv/dt in CMV, both variation
and magnitude in CMV should be reduced.

Table 1. CMVs in a traditional three-phase two-level inverter.

Voltage Vector Switching State (S, Sp, Sc) 1 CMV Level 2
Vo (0,0,0) —Vac/2
Vl (1, 0, 0) *Vdc/6
Vs 1,1, 0) +Vdc/6
V3 0,1,0) —Vac/6
Vy 0,1,1) +Vic/6
V5 (O, 0, 1) _Vdc/6
Ve (1,0,1) +V3c/6
Vy (1, 1, 1) +Vdc/2

1Sy (v—ap,c) indicates switching state in a leg of x: if S, = 1, upper switch turns on and lower switch turns off in
a-leg, whereas if S, = 0, upper switch turns off and lower switch turns on. 2 V4 is DC-link voltage of inverter.

Among the PWM-based CMV reduction method, the RSPWM can effectively reduce
pulsed CMCs [11]. To synthesize the reference voltage vector, the RSPWM selects only
odd vectors (V1, V3, and V;) or even vectors (Vy, V4, and Vi) based on the position of
the reference voltage vector. As shown in Table 1, since the odd (even) vectors have the
same CMV level of —V;./6 (+V;./6), the CMV variations can be minimized within a
modulation period. Unfortunately, [11] does not consider the dead-time interval, where an
unexpected CMV spike of +V;./2 or —V;./2 can be generated. Considering the dead-time
interval, [12] proposed a modified RSPWM (MRSPWM) which selects odd or even vectors
based on the position of the current vector. However, the MRSPWM causes several CMV
variations between +V;./6 and —V;./6 whenever the load current passes its zero-crossing
point. Furthermore, it is difficult to utilize the RSPWM-based methods for high-speed
PMSM drive systems because of their limited modulation range within the triangular
areas consisting of odd- or even-vector combinations (named RSPWM area in this paper).
Although a specific overmodulation technique reported in [13] can maximally utilize
the DC-link voltage, three-phase load currents are largely distorted due to a significant
difference between the reference and modulated voltage vectors. A hybrid method of
MRSPWM and SVPWM (HMSPWM) in [14] can reduce the current distortions in a high
modulation range, but many CMYV variations still appear during the SVM.

On the other hand, researchers have tried to improve the inverter topologies so as
to utilize zero vectors with reduced CMVs [15-20]. Among them, the H8 inverter-based
topologies, where two additional switches are employed in the traditional H6 inverter, have
attracted significant attention [17-20]. A simple HS8 inverter with an optional antiparallel
Zener diode was proposed in [17]. The CMV can be reduced from +V;./2 to +V ;. /4 at Vy
and from —V;./2 to —V;./4 at Vo by properly operating additional switches. Furthermore,
to achieve near-zero CMV variation between the active and zero vectors (i.e., between Vj
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and odd vectors or between V7 and even vectors), H8 inverters were modified in [18-20].
These H8 inverter topologies can effectively reduce the peak CMVs at zero vectors, which
enables the use of zero vectors in a modulation process. However, these approaches do
not consider the advanced control strategies of the H8 inverter in detail. In other words,
most previous works have focused only on the operation of the H8 inverter at zero vectors,
even though the CMV spike of +V;./2 or —V;./2 can be generated during the dead-time
interval between two active vectors. Although a dedicated modulation method for the H8
inverter considering the dead-time interval was developed in [19,20], its modulation range
is still limited to the RSPWM range.

In this paper, an advanced modulation method for an HS8 inverter is proposed to
completely eliminate the CMV spikes even at the dead-time interval and to ultimately
reduce CMCs in an entire modulation range. The concept of the proposed method in a low
modulation range was proposed in [21], and it is extended to a six-step operation in this
study. Depending on the position of the reference voltage vector, the proposed method
selects three voltage vectors: two odd or even vectors and one zero vector. The selected
zero vector is allocated not only at the beginning and end of a modulation sequence but
also between two active vectors. Then, the series-connected switch of the H8 inverter is
turned off during the zero-vector including the dead-time interval. Therefore, there is no
CMV spike of +V;./2 or —V;./2, even at the dead-time interval. In addition, since the
proposed method utilizes zero vectors, the current total harmonic distortions (THDs) and
current ripples can be significantly reduced in the PMSM drive systems. Furthermore, in a
high modulation range, the proposed method maintains the modulation manner of odd
or even vector combination, but a two-sampling period-based vector synthesis method
is adopted for the reference voltage vector far from the RSPWM area. As a result, at a
high modulation range, the proposed method can improve the current THDs compared
with [13], while reducing the CMV variations and CMCs compared with HMSPWM. In
summary, the main contributions of this paper are as follows:

(1). An advanced modulation method for an H8 inverter is proposed to minimize the
CMV variations between +V;./6 and —V;./6;

(2). Proper switching operation of the series-connected switch in the H8 inverter is con-
sidered during the modulation sequence to completely eliminate the highest CMV of
+V4./2 or —V;./2 even at the dead time interval;

(3). Atahigh modulation range, a novel vector synthesis method is proposed, which is
based on two sampling periods but in the same modulation manner;

(4). As a result, both the CMCs and current THDs can be improved over the entire
modulation range, compared with the conventional methods.

The effectiveness of the proposed method is verified by simulation and experiment.

The remainder of this paper is organized as follows. Section 2 reviews the conven-
tional CMC reduction methods, such as RSPWM-based methods for an Hé6 inverter and a
basic operation for an H8 inverter in detail. The proposed method in both low and high
modulation ranges is presented in Section 3. To verify the effectiveness of the proposed
method, the simulation results and experimental results are presented in Sections 4 and 5,
respectively. Finally, Section 6 concludes this paper.

2. Review of Conventional Strategies

This section reviews RSPWM, [11] MRSPWM [12,13], and HMSPWM [14] in detail.
Besides, the basic operations of the H8 inverter are presented.

2.1. RSPWM, MRSPWM, and HMSPWM

To synthesize the reference voltage vector, the RSPWM combines three active voltage
vectors with the same CMYV level, thus minimizing the CMV variations during a modulation
period. In an ideal case, the RSPWM restricts the CMV variations into six times during a
reference rotational period. However, in real-world applications, the dead-time interval,
which should be inserted between the gate signals of two switches in a leg, can cause
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unexpected CMV spike of +V;./2 or —V;./2. For example, Figure 1 shows the circuit
configuration of the H6 inverter and its equivalent circuits when vector transition occurs
between two odd vectors (from V7 to V3). In Figure 1a, the CMV vcy can be calculated
based on three-phase pole voltage vy, vy, and v, [2]:

ocm = (Uan + Opn + Ucn)/3 (1)

Vi(1,0,0) Dead Time

Figure 1. Circuit configuration and operation of H6 inverter: (a) Circuit configuration; (b) Circuit
operation when voltage vector changes from Vq to V3.

In Figure 1b, at V1, switches Si, Sg, and S, turn on and switches Sy, S3, and S5 turn
off; therefore, v, = +V3./2 and vy, = vy = —Vy./2 and the CMV becomes —V;./6. In
order to change vector state from V7 to V3, S; and S¢ turn off during the dead-time interval.
In this case, because all switches in a-phase leg turn off and current i, flows to the load,
the antiparallel diode of Sy starts conducting. Accordingly, v,, = vy, = Ven = —Vy./2 and
the CMV spike of —V;./2 is generated during the dead-time interval. Subsequently, S4
and S3 turn on at V3 and the CMV becomes —V;./6. In this way, the occurrence of the
CMYV spike during the dead-time interval is determined by the switching states and load
current directions.

To completely eliminate the CMV spikes even at the dead-time interval, the MR-
SPWM selects three active vectors based on the position of current vector I', as shown in
Figure 2a [12]. However, several CMV variations between +V;./6 and —V;./6 are gen-
erated by misrecognizing the current sector around the zero-crossing point of the load
current, due to PWM current ripples. Furthermore, the utilization of the DC-link voltage is
poor without a special overmodulation method. When modulation index (MI) is defined
as follows:

MI = Vyy / (2Vye/ ) @

where V; is a fundamental component of the inverter output voltage, the maximum MI of
the MRSPWM is 0.604. An overmodulation method for the MRSPWM was proposed in [13]
to extend the modulation range to a six-step operation. If the reference voltage vector is
located at the overmodulation area in Figure 2b, this method synthesizes the approximate
voltage vector within the RSPWM area. However, a significant difference between the
reference and approximate voltage vectors results in high current distortions and high
current ripples. Although the HMSPWM can reduce current distortions by adopting a
standard SVPWM for several areas, as shown in Figure 2c [14], the CMV issues again
become severe during the SVPWM.

2.2. Basic Operation of H8 Inverter

Figure 3 shows the circuit configuration of the H8 inverter and its equivalent circuits
at zero voltage vectors. In Figure 3a, additional switches Sy and Sg are connected in series
between the DC-link and H6 inverter. By appropriately operating S; and Sg, the highest
CMVs of +V;./2 and —V;./2 can be reduced. When active vectors are applied to the H8
inverter, Sy and Sg maintain the on-state for powering or regenerating operations, whereas
Sy or Sg turns off during zero vector to reduce the magnitude of the peak CMV. As shown in
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Figure 3b, Sg turns off at Vy; therefore, U4, = vy, = ven = — V. /4 based on Kirchhoff’s current
and voltage laws and the CMV becomes —V ;. /4 [18]. Similarly, Sy turns off at V7; therefore,
Uan = Upy = Uen = +V4./4 and the CMV becomes +V ;. /4, as shown in Figure 3c. Compared
with the CMV of the H6 inverter at zero vectors, the magnitude of the CMV is reduced
by half in the H8 inverter. This allows the use of zero vectors in a modulation process.
In [19,20], a dedicated modulation method for an H8 inverter was proposed to reduce the
CMV variations and CMCs; however, its modulation area, which is defined based on the
inscribed circle of a triangle, strictly limits MI to 0.524 (V51 = V;./3) to maintain the CMV
level at a constant value during a modulation process. In addition, at a high MI range, two
CMV variations between +V;./6 and —V;./6 are generated for every sampling period,
increasing the CMCs.

:Even or Odd [l Only Odd :Even or Odd [Il: Only Odd : SVPWM [ Only Odd
-: Only Even : Not Available -: Only Even : Overmodulation -: Only Even : Not Available
w2 m2i 2}
V3(0, 1,0) V2(1.1,0) V2(1,1,0) V3 (0, 1,0) V2(1,1,0)

Sm/6._

V4(0,0,

V5(0,0,1)

Y5072V al3
1>0,604)

Vs(1,0,1)

_.m/6  5m/6._

V3 (0, 1,0)

Vs(0,0,1)

Vs(1,0,1)

_.m/6  5Sm/6._

(@)

DC Link [

(b)

V5(0,0,1)

Vs (1,0, 1)

(c)

/6

(1,0,0)

Figure 2. Conventional CMC reduction methods: (a) MRSPWM; (b) MRSPWM with overmodulation
method; (¢) HMSPWM.

V0 (0, 0’ 0)

V7(1’ 15 1)

Py
Van
n

S

sz

Figure 3. Circuit configuration and operation of H8 inverter: (a) Circuit configuration; (b) Circuit
operation at Vy; (c) Circuit operation at V7.

3. Proposed SVM-Based CMC Reduction Method

This paper proposes an SVM-based CMC reduction method for an H8 inverter. The
proposed method is described through two parts based on the modulation range: low mod-
ulation range (MI < 0.604) and high modulation range (0.604 < MI < 1.0). To eliminate the
peak CMVs over the entire modulation range, the operations of Sy and Sg were considered
in both modulation ranges.

3.1. Low Modulation Range (MI < 0.604)
3.1.1. Selection of Voltage Vector

The voltage vector diagram of the proposed method when MI is smaller than 0.604 is
shown in Figure 4. Unlike the MRSPWM, which selects three active vectors, the proposed



Energies 2022, 15, 266

method selects two active and one zero vectors. For example, as shown in Figure 4, the
reference voltage vector in sector 1 is synthesized using two odd vectors V1 and V3 and one
zero vector Vy. Compared with the MRSPWM, the proposed method can greatly improve
the current THDs and current ripples owing to the use of the zero vector. Considering the
different combinations of voltage vectors, in the proposed method, the vector diagram is
divided into 12 sectors; however, as each odd or even sector has the same CMV level, the
number of CMV variations can be restricted to six times during a reference rotational period.

Sector 4 (Odd)

Sector 3 (Even)
23V, Vi, Vil [V, Vi V) T3

V; (0, 1, 0) i v, (1,1, 0)
Sector 5 (Odd) i
[V39 V59 V0] :

5n/6._

Sector 2 (Even)
[V2, Ve, V7]

_.m/6

Sector 6 (Even)
[V4’ VZa V7]

Sector 1 (Odd)
[Vla V3a V0]
t t 4
First Second Third

V11,0, 0)

V4 (0_3 _1_3_ i )

0:377 2Val3
MI =0,604)
Sector 7 (Even) )

[V49 V6: V7] -7

Sector 12 (Odd)
[N [Vla V5: V0]

Sector 8 (Odd)
[V5> V39 Vo]

Sector 11 (Even)
[Vs, V2, V7l

V5 g'(,)/’ Oa 1)

“Sector 9 (Odd)
[V5’ Vla V0]

V6 (1)\0\: l)

Sector 10 (Even)
[V6a V49 V7]

Figure 4. Voltage vector diagram of proposed method at MI < 0.604.

The triangular area consisting of odd or even vectors means that the reference vector
within that area can be synthesized by using the vector combinations, as shown in Figure 4.
Therefore, the linear MI range of the proposed method is up to 0.604 (i.e., the linear modu-
lation area becomes the inscribed circle of the star composed of two triangles). Compared
with the conventional methods in [19,20], the proposed method further extends the MI

range while maintaining the CMV level constant during a sampling period.

3.1.2. Modulation Sequence

In the modulation sequence of the proposed method, zero vector acts as a connector
between two active vectors. As previously mentioned, the CMV spikes can be generated
during the dead-time interval between two odd or even vectors. In order to prevent
the generation of CMV spikes, zero vector is allocated between two odd or even vectors.
Furthermore, to eliminate the CMV spikes when the reference vector position suddenly
changes from a sector to another sector, zero vector is also allocated at the beginning and

end of the modulation sequence.
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For example, Figure 5 shows the modulation sequences of the proposed method when
the reference vector is located at sectors 1 and 2, respectively. As shown in Figure 5, the
modulation sequence has a symmetric structure consisting of an open sequence and a
close sequence during sampling period Ts. In sector 1, voltage vectors V1, V3, and Vj
are selected. V) is divided into four parts and allocated not only between V1 and V3
but also at the beginning and end of the modulation sequence. Therefore, there is no
direct vector transition between V1 and V3, which can cause CMV spikes. In this case, the
turning-on and turning-off timings of Sg is important. As shown in Figure 5a, Sg turns
off during Vy including both side dead-time intervals regardless of whether or not the
CMYV spikes are generated. Based on the operation of Sg, the peak CMV of —V;./2 can be
completely reduced.

Dead Ti

ca 0111)1; Sequence Close Sequence Open Sequence ) Close Sequence .
77777777 e e ST oltagel Vo LV LV VW, VW,
Volt [ 7S 7 LR 7NN 720 i 7R 72| & 7 Ve n V7o Ve o Ve n ¥z oo Voo V7o
Vector (0.0000.9/0j0500} 0,170 0 o 0 o 0o o.ofgf  Vector (L1 Dy LOYCL LD & D10 614G 1 DYGL 1 O L
| | ] ] G) 1. 1 1 1 v v T b1
Gpodfrlop oo b0 B0, (P S P P T BN P
GLT ) o [T T 1T w1 o T G4 0 3 0 4 0 4 0 0 3 0 3 04 0.
Gl ot oo T T T bhol ol o i o I Ii 0 i 0 EI Lo T 1,
1 T 1l m T T | | ] | | | |
GIT T 110! o T T 1] G 0 { o o T T 1] ool
| | | | | | |
Gl o oflolololbofolol G o T ] o [T
1 1 1 . i1 i i1 ' | | | 1 1 ;
G T T T T+ T T 1 1, Gl 0 [T o8 o i oW o T4 0!
:l :l :l T |: |: |: 1 h M bl T T |: T i
G T v T T 1 1 & T n 1T 1] G70:.1i0:!1:1!:0i|1!:0:
il ] T | T [l T | T T T T T T T |
Gl o T o 1T T 1T ] o 1T o! Gl 1T [ 1T ¥ 1T ¢ 1 "1 § 1 81§ 1

| [} [} f L L N | I I
CMVY ': ': ': : :: :: :: : CMV :| :| :| +Va./6 |: |: |: )
I 4 V[ S S R E—" . e
1 | |
Time, Tyd™ T2 Ty/4~ T2 T2 T4 T2" T/4,  Time Tyd T2 Tj& T2 L2 T4 172 T/4
T, Mmoo e >

(a) (b)

Figure 5. Modulation sequences of proposed method when G;—-Gg denote gate signals of switches
S1-Sg, respectively: (a) Sector 1; (b) Sector 2.

Similarly, Figure 5b shows the modulation sequence in sector 2, where voltage vectors
V3, Vg, and V7 are selected. Unlike in operation in sector 1, Sy should be turned off during
V7, including both side dead-time interval. The modulation sequence with the operation of
Sy eliminates the peak CMV of +V./2. It is worth noting that the proposed modulation
method does not require information on the load current direction, unlike the MRSPWM,;
therefore, there are no CMV variations around the zero-crossing point of the current.

When the reference vector V" is located in sector 1, the following relationship is satisfied:

Ts T T To
/ Vi = / Vidt + / Vadt + / Vodt 3)
0 0 0 0

where T1, T», and T are the modulation times of the first, second, and third vectors (V7,
V3, and Vj in the case of sector 1, as shown in Figure 4). Assuming that V" and the DC-link
voltage do not change during T, (3) can be rewritten as follows:

T,- V=T - i+ T y+Top- Vo =T1-Vi+T- V3 4)
Based on (4), each modulation time can be calculated as follows:

_ |V*[-sin(2/3 —a)
hi= (2V,4/3) - sin(27/3) L ©)
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V3(0,1,0)

(a)

0,21, v,

B |[V*| - sin(a) .
2= (2V4/3) - sin(27/3) L ©)
To=T-T1 - T 7)

where |V'| is the magnitude of V' and « is the modulation angle. To calculate the
modulation times using the same equation forms in (5)—(7) in different sectors, « should be
modified as follows:

6 (Sector1: 0 <6 < 7/6)

/3 -0 (Sector2: 1m/6 <60 < 2m/6)

/340 (Sector3: 271/6 < 6 < 37/6)
27/3 -0 (Sector4: 37/6 <0 < 4m/6)
27/3+6 (Sector 5: 471/6 <0 < 57/6)

y— T—0 (Sector 6 : 571/6 < 6 < 67/6) ®)
T+0 (Sector 7 : 611/6 <0 <7m/6)
47/3 -0 (Sector 8: 7mt/6 <0 < 87/6)
47/3+ 0 (Sector9: 87/6 <0 < 97/6)
57/3 -6 (Sector 10 : 971/6 < 0 < 107/6)
57/3+0 (Sector 11: 107t/6 < 6 < 1171/6)
(

—0 Sector 12: 117r/6 < 6 < 1271/6)
where 6 is the angle of V" as shown in Figure 4.

The voltage vector synthesis process when V" is located in sector 1 is shown in
Figure 6. Neglecting the allocation of Vj in the modulation sequence in Figure 5a, V1 among
the selected active vectors is first applied during T1/2. Therefore, the instantaneously
modulated voltage vector is the same as that shown in Figure 6a. V3 is then applied during
T, over both the open and close sequences. In this case, the modulated vector intersects V",
as shown in Figure 6b. Finally, by applying V1 again during its remaining modulation time
T1/2, the modulated voltage vector is the same as V", as shown in Figure 6c.

V3(0,1,0) V2(1,1,0) V3(0,1,0) V2(1,1,0)

_.m/6 _.m/6

Vi(1,0,0) Vi(1,0,0)

T 2T,V

(©

Figure 6. Process of synthesizing reference voltage vector in sector 1: (a) During first half of Ty;

(b) During T»; (c) During second half of T;.

3.2. High Modulation Range (0.604 < MI <1)
3.2.1. Modulation Method Depending on Sub-Sectors

In [13], the overmodulation method of MRSPWM was proposed to maximally utilize
the DC-link voltage. However, there are large current distortions because of the significant
difference between the reference and modulated voltage vectors. Although [14] proposed
the HMSPWM to reduce current distortions, the CMV variations increased during the
SVPWM areas. To reduce both the CMV variations and current distortions at a high
modulation range, an advanced modulation method for the H8 inverter is presented herein.
The voltage vector diagram for high modulation range in the proposed method is shown
in Figure 7a, and a magnified view of sectors 1 and 2 is shown in Figure 7b. As shown,
when the range of Ml is higher than 0.604, the area in sector 1 is subdivided into three
parts: the RSPWM area, vector approximation (VA) area, and vector synthesis (VS) area.
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Sector 5 (Odd)
[Vs, Vs, Vil

5m/6._

Sector 6 (Even)
[V, V2, V7

Ve(0 5D

Sector 7 (Even)
[V Vs, V7]

Sector 8 (Odd)
[Vs, V3, Vil

The proposed method synthesizes the reference vector in different ways depending on the
subsectors, as described in the following sections.

n/2

Sector 4 (Odd) | Sector 3 (Even) V2 (1. 1,0)
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Figure 7. Voltage vector diagram of proposed method at MI > 0.604: (a) Overall diagram; (b) Sub-
sectors in sector 1.

Sub-Sector 1: RSPWM Area

As previously mentioned, the reference voltage vector in the RSPWM area can be
synthesized using the vector combinations in Figure 7a. For example, the reference vector
in the RSPWM area of sector 1 can be synthesized using V1, V3, and Vy with the same
modulation sequence as that shown in Figure 5a. Figure 7b shows that the RSPWM area
becomes narrow with increasing MI.

Sub-Sector 2: VA Area

The vector combinations in Figure 7a cannot completely synthesize the reference
voltage vector located in the VA area; therefore, the proposed method approximates the
reference vector to one at the boundary of the RSPWM area. Figure 8 shows the approximate
method for the reference vector in the VA area of sectors 1 and 2, respectively. Vjpp and 64
denote the approximate reference vector and its modulation angle, respectively. Figure 8
shows that the standard axis of 64, changes depending on sectors; for example, the
standard axis becomes V7 in sector 1 and V3 in sector 2, respectively. At a steady state,
V" may rotate in the voltage vector diagram while drawing a circle with a radius of | V" I.
Vjpp is always located at the same circumference as V" in the same sector. Accordingly,

| V:pr | is the same as | V" 1. 6 App Whose radian range is [0, 0.19) becomes a function of

7T -1 Vd
9App:§fcos (3“;*') 9)

Therefore, when V" is located in the VA area, the proposed method can synthesize
Vi pp using | V" |. Compared with the overmodulation method in [13], VA area, in which
the current THD and current ripples increase, becomes narrow because the proposed
method additionally adopts vs. area, as explained in the following section.

['V* | as follows:
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Figure 8. Approximate method for reference voltage vector in VA area: (a) Sector 1; (b) Sector 2.

Sub-Sector 3: Vs. Area

In the vs. area, a two-sampling period-based vector synthesis method is proposed to
reduce both current distortions and CMCs. When V" is located in the vs. area, the proposed
method synthesizes two voltage vectors: one is located at the boundary of the RSPWM area
of the odd sector, whereas the other is located at the boundary of the RSPWM area of the
even sector. By combining two vectors during two sampling periods, the proposed method
can completely synthesize the reference vector located in the vs. area. For example, Figure 9
shows the vector synthesis method for the reference vector in the vs. area of sector 1. As can
be seen, the vector synthesis method is divided into two vector modulation sequences: the
odd-even vector sequence and even-odd vector sequence. In the odd-even vector sequence,
the reference vector in the odd sector (V3 ,,) is synthesized during Ts; subsequently, the
reference vector in the even sector (V%,,,) is synthesized following Ts. In contrast, V7, .,
is first synthesized during T, and then V3, is synthesized during following T in the
even-odd vector sequence. The proposed method alternates the order of odd-even and
even-odd vector sequences every two sampling periods so as to reduce the CMV variations,
and ultimately to reduce the CMCs.

“VS area” denotes an area in which V" can be synthesized using both V3, and V},,,
based on two sampling periods. As shown in Figure 10, the vs. area widens with increasing

| V" | in the range of (2V,./3+/3, \/7V 4./3+/3], whereas it shrinks with increasing | V| in
the range of (1/7V./3+/3, V4./+/3]. Therefore, the range of the vs. area can be divided into
two ranges as follows:

_ Vie - Vic 2Vdc * \[Vdc
T —cos” (3\V* ) < 6 < cos (3|V* ) for S <|V¥[ < = 10)

cos (‘ ‘) 0<% — cos‘(vdi> for \TV"”<|V*|_‘\//"§
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VZ (la 15 0)

First VI (19 O’ O) VI (17 05 0)
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Figure 9. Vector synthesis method for reference voltage vector in vs. area of sector 1: (a) Odd-even
vector modulation sequence; (b) Even-odd vector modulation sequence.

VZ (19 17 O)

0 V,(1,0,0)

Figure 10. Range of vs. area of sectors 1 and 2.

In addition, the vs. area in other sectors can be obtained by adjusting 0; for example,
by replacing 6 in (10) with 6—7t/3 in the vs. area in sectors 3 and 4.

To obtain Vj,; and Vi, in the vs. area, the relation between V' and V{544 can be
calculated as follows:

|V*|cos® = §|V0dd| cos 0p44 + ngC (11)

where | V7,1 and 0p,4 are the magnitude and modulation angle of Vj ,;, respectively. As
V{344 18 always located at the boundary of the RSPWM area, the relation between | V{3, |
and 6,4, can be calculated as follows:

Vi /3

dcl 12
COS(% — GOdd) ( )

\Voaal =
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Open Sequence

where the radian range of 6oy is [0, 7r/6]. By substituting (12) into (11), 64y can be
expressed using | V' | and 6 as follows:

V3 (Vg —2|V*| cos )
6|V*|cos 0 — V.

0044 = tan ! (13)

Therefore, when | V' | and 6 are given from V* in vs. area, VS 44 €an be calculated
using (12) and (13). Subsequently, V¢, ,, can be obtained as follows:

ngen =2V* — V(;dd (14)

Both odd-even and even-odd vector sequences can be realized by adjusting the ap-
plication order of Vj3,, and Vi ,.: V3, is firstand Vg, is second in the odd-even vector
sequence, whereas V; ,, is first and V) ;, is second in the even-odd vector sequence.

For example, Figure 11 shows modulation sequences in vs. area of sector 1, where
the odd-even vector sequence is first implemented, and the even-odd vector sequence is
subsequently implemented. As can be seen in Figure 11, the CMV variation occurs every
two sampling periods by alternating odd-even and even odd vector sequences; therefore,
the CMCs can be significantly reduced compared with that of the standard SVPWM, while
completely synthesizing the reference vector in the vs. area. Note that Sy (Sg) turns off
during the dead-time interval between even (odd) vectors to eliminate the CMV spikes.

Close Sequence Open Sequence _ Close Sequence Open Sequence _  Close Sequence Open Sequence Close Sequence

Voltageli ¥V, § Vi | Vi i ] Vi Ve Vs L Vs o Vo i Vo W Vs U Vs W Vo Vi N ZTN N 23N T T

Vector ',,(J,,Q,,Q),,J' ,,(Q,,l,,Q),,w,,,(Q,,l,,Q),, u,,<,1,,o,,<,>),u,,(,l,,,l,,@),,n,,(,1,,,9,,,1),,‘,,,(1,,,9,,1),,“,,(,1,,,1,,9), n,,(,l,,,l,,o,),,n,,(,1,,,9,,,1),,\,,,(1,,,9,,!,),,n,,(,l,,,l,,o), lu,,(,l,,,Q,9),,11',,(,0,,1,,9),,1,,(,(?,,1,,9),,'l,,(,l,,Q,Q), u
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Figure 11. Modulation sequences of proposed method in vs. area of sector 1.

3.2.2. Six-Step Operation

The proposed method naturally enters a six-step operation based on the operation in
the VA region. Figure 12 shows overmodulation of the proposed method in the MI range
of (0.907, 1.0]. As can be seen, when Ml is larger than 0.907, the proposed method operates
only in the VA area. Because the RSPWM area shrinks with increasing MI, V7, is gradually
closed to V7y; therefore, at MI = 1.0, the six-step operation is naturally implemented without
a special operation mode change.
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Figure 12. Overmodulation of proposed method in MI range of (0.907, 1.0].

In the PMSM drive systems, although the current distortions and current ripples will
be increased due to a rare switching operation, the six-step operation is widely adopted
to maximize the utilization of the DC-link voltage. Additionally, the six-step operation
extends a constant torque region in a speed-torque capability curve and increases the
rated speed. In the proposed method, S7 and Sg maintain the on-state during the six-step
operation because there is no transition between odd (or even) vectors.

4. Simulation Results

The proposed SVM method was simulated using a surface mounted PMSM (SPMSM)
drive system. The simulation parameters and operating conditions are listed in Table 2. The
SPMSM was controlled in a torque control mode, whereas the load motor was controlled in
a speed control mode. The proposed method was tested at both low and high MI ranges by
adjusting the rotor speed of load motor. The conventional MRSPWM [12] and standard
SVPWM were also simulated for performance comparisons.
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Table 2. Simulation parameters and operating condition.

Parameter Description Value Unit
Ve DC-Link Voltage 70 \Y%
Ts Sampling Period 250 us
fs Sampling Frequency 8 kHz
Ty Dead-Time Interval 4 us
Piate Rated Power of SPMSM 750 W
Vie_rate Rated DC-Link Voltage 200 \Y%
Wrate Rated Speed 3000 rpm
Ligte Rated Current 4.4 A
Trate Rated Torque 2.39 Nm
[4 Number of Poles 10 -
Rs Stator Resistance 0.6333 Q
L Stator Inductance 2.08 mH
Vpk /krpm Peak Line-to-Line Back EMF Constant 45 V/krpm

4.1. Low Modulation Range (MI < 0.604)

Comparisons of the simulation results of three-phase current (i,, ip, and ic), CMV,
and CMC between the standard SVPWM, MRSPWM, and proposed method are shown
in Figure 13 at a rated load current and rotor speed of 500 rpm (MI = 0.4). As shown in
Figure 13a, the standard SVPWM has a superior load current THD as 1.71% in i,, compared
with the results of the other methods; however, severe CMV variations between +V ;. /2 and
—V3./2 are generated, which significantly increase CMCs. The root mean square (RMS)
CMC of the standard SVPWM is 10.7 pA. On the other hand, in Figure 13b, the RMS CMC
in MRSPWM can be reduced to 1.37 pA by reduce both the magnitude and variation in the
CMV. However, not only the current THD of i, increases to 4.81% due to the absence of
zero vector, but also several CMV variations between +V;./6 and —V;./6 are generated
whenever load current passes through its zero-crossing point. The proposed method shown
in Figure 13c, improves current THD of i, to 2.64%, compared with that of the MRSPWM.
In addition, the CMV variations between +V;./6 and —V;./6 are completely restricted to
six times during a reference rotational period. Accordingly, there are only six pulsed CMCs
during a reference period, and its RMS value is the lowest at 0.982 pA.

The detailed switching operations of the proposed method in sectors 1 and 2 are
shown in Figure 14, respectively. As shown in Figure 14a, there are no switching operations
in c-phase (S, and Ss) because only V4, V3, and Vj are used in modulation sequence in
sector 1. In addition, the CMYV spike of —V;./2 can be completely eliminated by turning
off Sg at Vo considering dead-time interval. Similarly, in Figure 14b, switching states in
a-phase (51 and S4) do not change during modulation sequence because only V3, Vi, and
V7 are selected to modulate V" located in sector 2. Accordingly, Sy turns off at V7 including
dead-time interval and the CMV spike of +V;./2 can be completely eliminated. Although
the vector diagram of the proposed method is divided into 12 sectors, there are only six
CMV variations between +V;./6 and —V;./6 during a reference rotational period, because
odd (even) sectors have the same CMYV level of —V;./6 (+V;./6). In addition, there are
no unexpected CMV variations when load current passes through its zero-crossing points
because the proposed does not rely on polarities of load currents, unlike MRSPWM.

4.2. High Modulation Range (MI > 0.604)

The performance of the proposed method at a high MI (>0.604) is also verified through
a simulation. Simulation results of three-phase current (i;, i, and i), CMV, and CMC are
shown in Figure 15. When MI is larger than 0.604, V" starts to pass through the vs. area
where V), and Vi, are synthesized. As shown in Figure 15a, additional CMV variations
between +V;./6 and —V;./6 are generated at a rotor speed of 1000 rpm (MI = 0.7); i.e., the
number of CMV variation is not restricted to six times during a reference period due to the

vs. area. However, the vs. area allows V" to be appropriately synthesized based on two
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sampling periods. As a result, the proposed method maintains low current THDs as 3.48%
(ia), 3.51% (ip), and 3.59% (i) at the expense of a few CMV variations.
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Figure 13. Comparison of simulation results of three-phase current, CMV, and CMC at rated load cur-
rent and rotor speed of 500 rpm (MI = 0.4): (a) Standard SVPWM; (b) MRSPWM,; (c) Proposed method.

As shown in Figure 15b, when MI reaches to 0.9 by increasing the rotor speed from
1000 rpm to 1200 rpm, V" passes through both the vs. and VA areas. The number of CMV
variations is slightly increased compared with that at MI = 0.7, because current distortions
increase due to VA area and the fluctuation of Ml is also increased by PI current controllers.
The fluctuation in MI can be reduced by adjusting the gains of the PI controller. In addition,
the number of CMV variations are still low, compared with that of the MRSPWM (See
Figure 13b), because the proposed method does not cause unexpected CMV variations at
the zero-crossing points of the load current. Even at a high MI of 0.9, the proposed method
exhibits sinusoidal current waveforms by utilizing the RSPWM, VS, and VA areas.

The six-step operation of the proposed method is shown in Figure 15¢. Except for
additional CMV variations due to the fluctuation of MI, the overall performance is similar
to that of a traditional six-step operation: i.e., current distortions increase due to a rare
switching operation, but the DC-link voltage is maximally utilized (MI = 1.0).

Figure 16 shows traces of the modulated voltage vector when the proposed method is
applied at high MI. As can be seen, the modulated voltage vectors are always located in
the RSPWM areas and their magnitudes (distance between origin point and modulated
voltage vector point in the vector diagram) increase with increasing MI. In addition, when
the rotor speed increases to 1400 rpm, Ml is close to 1.0 (six-step operation); that is, traces of
the modulated voltage vectors are almost located at vertexes of the voltage vector hexagon.
We can know that the proposed method naturally enters the six-step operation as traces of
the modulated voltage vectors follow suburbs of the RSPWM area.



Energies 2022, 15, 266

16 of 25

Vector Sector [-]

Secth 1

No switching operations in c-phase at sector 1

G, G

Sg turns oft at 1, whereas S, maintains on-state

T L

T

CMV

~ CMV spike of -T7/2 (=35 V) can be completel

00180 00185

Time [s]

(a)

__Sector2

15F=

10k

L]
&

15

10 ¥ I8

15—

10 JRORURIN § I

G, Gs

S, turns off at V>, whereas Sg maintains on-state

T

T 1REAI I

CMV [V]

MV spike of 172 (135 V) can be co

rﬁplctely eﬁlrirmirilratcd )

0.0196

0.0200 0.0204

Time [s]

(b)

Figure 14. Simulation results of gating signals in proposed method: (a) Sector 1; (b) Sector 2.
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Figure 15. Simulation results of proposed method at high MI: (a) At rotor speed of 1000 rpm (MI = 0.7);
(b) At rotor speed of 1200 rpm (MI = 0.9); (c) At rotor speed of 1400 rpm (MI = 1.0).
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Figure 16. Voltage vector traces of proposed method at high MI: (a) At rotor speed of 1000 rpm
(MI =0.7); (b) At rotor speed of 1200 rpm (MI = 0.9); (c) At rotor speed of 1400 rpm (MI = 1.0).

5. Experimental Results

To verify the performance of the proposed SVM method, an experiment was conducted
using an SPMSM test bench, as shown in Figure 17. The experimental parameters are the
same as the simulation parameters, as shown in Table 2. The control algorithm was
implemented using a DSP board (TMS320F28335). To achieve a maximum torque per
ampere (MTPA) control for the SPMSM, the d and g-axes reference currents were set to
zero and 6.22 A, respectively, in order to generate the rated torque. The reference voltage
vector was generated using the d and g-axes PI current controllers. Therefore, the SPMSM
was operated in a torque control mode, whereas the load motor was controlled in a speed
control mode similar to the operation in the simulation. By adjusting the rotor speed of the
load motor, the proposed method was carried out at both low and high MI ranges.

DSP. Gate Dri\-'e:, Inverter
g —
Oscilloscope &

Figure 17. Photo of SPMSM test bench.
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5.1. Low Modulation Range (MI < 0.604)

The operations of the series-connected switches in the HS8 inverter are shown in
Figure 18. As shown in Figure 18a, when V) is applied to the H8 inverter (i.e., G1, G3, and
Gs become a low level, whereas G, G4, and Gg become a high level), Gy becomes a low
level. Subsequently, Sy turns off and the peak CMV of —V;./2 is reduced to —V;./4 at V.
This operation is shown in Figure 5a. Similarly, as shown in Figure 18b, when V7 is applied
to the H8 inverter (i.e., Gy, G3, and G5 become a high level, whereas G,, G4, and Gg become
a low level), Gg becomes a low level to turn off Sg and to reduce the peak CMV of +V;./2
to +V;./4. This operation is shown in Figure 5b.

l "i‘F/TELEBVNEchduv [ B 0T MR I‘ . TECEDYNE LECROY
Evbrywhéroyoulopk \ EverydHereyouldok
0V

Jecdmedin 1111011 G- (10 V/div)

G5 (10 V/div)

0V->

Gs (10 V/div)

200 ps/div Gs (10 Wdiv) | G2 (10 VAdiy) 5 ps/div
(a) (b)

Figure 18. Experimental results of operation of S; and Sg: (a) Gy, G3, Gs, and Gg; (b) G4, Gg, G,
and G.

The experimental results of three-phase voltage and CMV at a rated load current and
rotor speed of 500 rpm are shown in Figure 19. As the reference voltage vector rotates
counterclockwise in the voltage vector diagram, the vector sector increases from sector
1 to sector 12. The CMV was calculated using the measured three-phase voltage based
on (1). There is no peak CMV of +V;./2 or —V;./2, which causes severe pulsed CMCs. In
addition, the CMV variations between +V;./6 and —V./6 can be completely restricted to
six times during a reference rotational period (24 ms at a rotor speed of 500 rpm). That is,
the CMV variations between +V;./6 and —V;./6 are generated only when the vector sector
is changed between the odd and even sectors. The CMV generated patterns are similar
during the odd (or even) sectors. Furthermore, unlike the MRSPWM, as the proposed
method selects the voltage vector based on the position of the reference voltage vector, the
unexpected CMV variations between +V;./6 and —V;./6 are reduced when load currents
pass their zero-crossing points.

Comparison of experimental results of a-phase current, three-phase pole voltage, and
CMV at a rated load current and rotor speed of 500 rpm is shown in Figure 20. The
experiment results are similar to the simulation results, shown in Figure 13. In Figure 20a,
the current THD of the standard SVPWM is superior as 4.32% than these of the other
methods. However, many peak CMVs of +V;./2 and —V;./2 are generated, which lead to
severe CMCs. In Figure 20b, although the CMV variations can be reduced in the MRSPWM,
the current THD significantly increases to 7.89% due to the absence of the use of the zero
vector. In addition, several CMV variations are still generated. On the other hand, as shown
in Figure 20c, the proposed method not only improves the current THD as 5.85% compared
with that of the MRSPWM but also completely restricts the number of CMV variations to
six times.
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Figure 20. Comparison of experimental results of a-phase current, three-phase pole voltage, and
CMYV at rated load current and rotor speed of 500 rpm: (a) Standard SVPWM; (b) MRSPWM;

(c) Proposed method.
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5.2. High Modulation Range (MI > 0.604)

The proposed method was also implemented at high MI by increasing the rotor speed
of the load motor. Figure 21 shows the experimental results of a-phase current, three-phase
voltage, and CMYV at a rated load current and rotor speed of 1200 rpm. Accordingly, as
shown in Figure 21a, the peak value and frequency of a-phase current (i;) is 6.22 A and
100 Hz, respectively. As can be seen, the peak CMV of +V;./2 or —V;./2 is eliminated
by appropriately operating the series-connected switches, even at high MI. Unlike in the
CMV-generated patterns at low MI, there are several CMV variations between +V;./6 and
—V./6 when the voltage vector sector is changed between odd and even sectors. This is
because the proposed method modulates V', which is located in the vs. area, using Vad
and V%, ,, based on two sampling periods. Figure 21b shows the magnified waveforms of
Figure 21a. As can be seen, the CMV variations between +V;./6 and —V;./6 are generated
only between odd and even voltage sectors. In addition, the occurrence of CMV variation
between +V;./6 and —V,./6 is independent of the zero-crossing points of the load current.
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Figure 21. Experimental results of a-phase current, three-phase pole voltage, and CMYV at rated load
current and rotor speed of 1200 rpm: (a) iy, s, vy, v¢, and CMV; (b) Magnified waveforms of (a).

Similarly, Figure 22 shows the experimental results of a-phase current, three-phase
voltage, and CMV at a rated load current and rotor speed of 1500 rpm. When the rotor
speed of SPMSM is 1500 rpm, MI is close to 1.0. As shown in Figure 22, the current
waveform of i, is similar to that of six-step operation; that is, the distortion of i, increases
because of the rare switching operation. Even at MI close to 1.0, the peak CMV of +V;./2
or —V./2 is eliminated. Similar to the operation at a rotor speed of 1200 rpm, there are
several CMV variations between +V;./6 and —V./6 in the vs. area.

The experimental results of three-phase current at a rated load current and rotor
speeds of 1000 rpm and 1500 rpm are shown in Figure 23, respectively. As can be seen, the
current distortions of the proposed method increase with increasing rotor speed, similar
to the traditional six-step operation. However, the proposed method not only eliminates
the peak CMV of +V;./2 or —V;./2, but also reduces the CMV variations between +V;./6
and —V;./6. The experimental results of a-phase current, three-phase pole voltage, and
CMYV when load torque is changed are shown in Figure 24. As can be seen, the proposed
method completely eliminates the peak CMV of +V;./2 or —V;./2 even at the load torque
variations. Figure 25 shows a comparison of the current THD of i, between the MRSPWM
and proposed method depending on the rotor speed. The current THDs of the proposed
method are lower than these of the MRSPWM over the entire rotor speed range; in particular,
the proposed method reduces the current THD by up to 4.87% at 1200 rpm, compared with
the MRSPWM.
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Figure 22. Experimental results of a-phase current, three-phase pole voltage, and CMV at rated load

current and rotor speed of 1500 rpm.
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Figure 23. Experimental results of three-phase current at rated load current: (a) At rotor speed of
1000 rpm; (b) At rotor speed of 1500 rpm.
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Figure 24. Experimental results at load torque variations: (a) Increase of load torque; (b) Decrease of
load torque.
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Figure 25. Comparison of current THD between MRSPWM and proposed method.

6. Conclusions

This study proposes an advanced SVM method of an H8 inverter for PMSM drives
to reduce current distortions and CMCs over a wide MI range. In a modulation sequence,
the proposed method selects the voltage vector with the same CMYV level based on the
vector diagram divided into 12 sectors. In addition, the appropriate operation of the series-
connected switches of the H8 inverter, considering the dead-time interval, is proposed. The
proposed method not only completely eliminates the peak CMV of +V;./2 or —V;./2, but
also restricts the CMV variations between +V;./6 and — V. /6 into six times at a low ML
At a high MI, the proposed method maintains the modulation manner of the odd or even
vector combination, but a two-sampling period-based vector synthesis method is adopted
to improve current THDs. Because the modulated voltage vector follows the suburbs of
the RSPWM area with increasing MI, the proposed method allows a natural transition
into a six-step operation. The performance of the proposed method was verified using
numerous simulations and experimental results. The proposed method may be a good
solution for reducing both current THD and CMC in the PMSM drive systems where a
wide modulation range is required.
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