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Abstract: This paper describes a method for reducing the common-mode voltage in a seven-phase
brushless DC motor (BLDC) drive. The conventional interleaved method used in the three-phase
inverter system is extended and applied. The proposed phase-phase interleaved method is studied to
apply the six-phase excitation method for controlling the seven-phase BLDC. The six-phase switching
functions related with modulation index (MI) and interleaved angle are obtained, and the average
of the common-mode voltage is derived mathematically. The proposed control method reduces the
common-mode voltage generation by applying the optimal interleaved angle according to MI. The
proposed method is verified by experimental results.

Keywords: BLDC motor; common-mode voltage; conducted EMI; interleaving PWM; seven-phase
motor; switching frequency

1. Introduction

Recently, multi-phase motors have been widely used in electric propulsion, ships,
and traction. The use of a multi-phase motor can reduce the torque ripple and increases
the output power density compared to three-phase motors [1-3]. The use of a multi-
phase motor is essential, especially in a system requiring high power with limited space,
such as underwater propulsion. In addition, the multi-phase motor has the advantage
of fault-tolerant control [4-9]. When one or more phases suffer a fault, the multi-phase
motor can be still operated at a lower output power. For the control methods of a multi-
phase motor, there are generally the hysteresis control method [7] and the vector control
method [8]. The hysteresis control method is easy to implement, but it is difficult to predict
the heat generated in the system because the switching frequency is variable. The vector
control method has the feature of low torque ripple, but it requires complex coordinate
transformation including low-order harmonics. In this paper, the current control method,
namely the control principle of a three-phase BLDCM, is used. In this case, the back-electro-
motive force (EMF) voltage is a square wave, and the six-phase current is controlled in
the square wave [9,10]. There is a hybrid-phase excitation method varying the number
of excitation phases according to the operation speed and efficiency. The advantage of
the BLDCM control method is that it is easy to implement. In addition, since each phase
current is controlled independently, it is effective in reducing the torque ripple in the
commutation period.

Generally, a motor used in underwater vehicles is operated in the high-speed region.
Operation in a high-speed region causes current delay due to the increased reactance
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of the stator winding and increased back-EMF voltage [11]. In addition, the insufficient
number of current samplings causes some errors of the control and torque pulsation. Thus,
one method to solve torque pulsation is to increase the current control frequency and the
switching frequency [12]. Therefore, a superior power device, namely silicon carbide (SiC)
MOSFET, is needed to achieve high-frequency switching control [13-15]. However, the use
of SiC-MOSFET causes an increase in common-mode noise due to the ringing of the output
voltage and rapid variation of dv/dt. Thus, this paper presents the control performance
according to the switching frequency of a SiC-MOSFET inverter, and the common-mode
voltage-reduction method is proposed to solve the EMI noise problem.

Figure 1 shows the loop of conduction noise. The common-mode voltage (V) is the
voltage generated by the switching operation measured between the DC neutral point and
the neutral point of the motor. Normally, there are parasitic capacitor (Cs) components
among the ground and case of inverter and case of motor. Thus, the current (i¢) defined as
leakage current is generated by voltage variation of V;, and this current flows through
Cs. This current loop is defined as a common-mode loop, which causes bearing damage in
the motor drive system. Thus, the reduction of common-mode voltage is the main issue to
solve in EMI problem:s.

Common
que_ Loop —

Differential T === = S — e —
Mode Loop

Figure 1. Loop of conduction noise in the motor drive system.

Various methods have been studied to reduce the common-mode voltage. The most
effective method is to design a passive filter at the output of the inverter [16,17]. The
common-mode choke is specialized in reducing the magnitude of the common-mode
current [18], and applying the L-C filter between phases helps to reduce the differential
mode noise [19]. Based on the passive filters, the active component is used to additionally
remove the common-mode noise and reduce the filter size [20]. However, these common-
mode noise reduction methods by using a passive filter are sensitive to system configuration.
thus, it is difficult to apply in a system operating at various switching frequencies [21-23].
In addition, the use of passive filters significantly increases the system volume in the
multi-phase motor drive system operated in limited space.

Another method to reduce the common-mode voltage is to combine the pulse width
modulation (PWM). The conventional space vector pulse width modulation (SVPWM) and
sinusoidal pulse width modulation (SPWM) generate the maximum magnitude of common-
mode voltage at zero vector. Thus, the near-state PWM method [24] and active zero state
PWM method [25] use additional vectors instead of zero vector in the 3-phase SVPWM.
In multi-phase motor control, some studies have researched reducing the common-mode
voltage based on the SVPWM [19-32]. These methods are suitable for vector control in syn-
chronous coordinate frame but are not available for the hybrid-phase excitation method [9].
This represents a lack of research of the common-mode voltage reduction in multi-phase
BLDC motor drive system. Therefore, in this paper, the carrier interleaving method in the
three-phase inverter is extended to the six-phase hybrid excitation method [26]. In our
previous work [27], the interleaving angle according to the modulation index (MI) was
calculated to generate the minimum common-mode voltage. The proposed interleaved
method was verified in MATLAB simulation. In this paper, the control performance of
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the high-speed multi-phase motor was improved by increasing switching frequency. The
use of SiC-MOSFET was able to achieve the above results. In addition, the common-mode
noise generation for high switching frequency was experimentally confirmed. At last, the
noise reduction method proposed in [27] was experimentally demonstrated and analyzed.

2. Basic Control Method of the 7-Phase BLDC
2.1. Mathematical Modeling

The 7-phase inverter system consists of a diode rectifier that converts AC power to
DC, a DC-linked capacitor bank, a 7-phase inverter with 14 switches, and an electric motor
as shown in Figure 2. A 7-phase BLDC motor is equalized with stator resistance (Rs),
stator inductance (Ls), and back-EMF proportional to the motor rotational speed. The
common-mode voltage (V) represents the potential difference between the neutral point
of the motor and the neutral point of the DC-linked capacitor bank, and C; is the parasitic
capacitor component that exists between the neutral point of the motor and the case of the
motor. Assuming that the case of the motor is grounded, current flows through Cs when the
common-mode voltage changes rapidly, which is called leakage current (isg) [17]. When the
voltage is applied to the motor by the inverter operation, considering the mutual inductance
component between the lines, the voltage equation can be expressed as Equation (1), where
V2 is the pole voltage of 7-phase inverter, iy is the phase current of each phase, L;; is the
inductance of each phase, ey is the back-EMF of each phase, and Vi, is the neural voltage.
Self-inductance and mutual inductance are defined as Equation (2).

Vin = Rsiy +L dll( ) +ex + Ve
x=A{a, bcde f,g} i, j= {a, bc,de, f,8}, (i #j)
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Figure 2. Equivalent model of 7-phase inverter system.
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Since a 7-phase BLDC is in a y-connection and balanced state, the sum of seven-phase
currents becomes zero, as in Equation (3). Using the Equations (1)—(3), Vi, can be calculated
as Equation (4).

iq +iy +ic+ig+ie+if+ig=0 3)
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The normalized output power considering the excitation method is expressed as
Equation (5), where N is the number of the excited phase, Eg is the maximum value of
back-EME, and I is the maximum value of phase current.

g
Pyny = Z(enin) = NEsL) )

In addition, electrical output torque can be expressed as Equation (6), where wy, is the
mechanical angular speed, and k. is the back-EMF constant.

PE(N) B NESIS(N) B NkewmIS(N)
W Wm W

Tony = = NkeIyn (6)

2.2. Basic Control Method

The position of a 7-phase BLDC is divided into fourteen sectors through seven hall
sensor signals, as shown in Figure 3. The motor is driven by inducing the square wave
current to the stator winding in the section where the back-EMF voltage is flat. There are 2-
phase to 7-phase excitation methods depending on the number of excitation windings [9,10].
When the position is a sector 2 in a 6-phase excitation method, “A”, “F”, and “G” phases
are positive conduction states; “B”, “C”, and “D” phases are negative conduction states;
and “E” phase exists in a non-conduction state. Table 1 provides the conduction states
depending on the position in a 6-phase excitation method.

Pst| 1:2 3 4.5 6 7 8 9 10:11 1213 0

180.0°: 7 phase excitation
154.2°%: 6 phase excitation

I 102.8°: 4 phase excitation
e, - 51.4°: 2 phase excitation

A phase /,l Ly | I I 1 | I\ 1 1 | | |

B phase | /|i;.= — |\|
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E phase |\| T T T T T I/ — |e| T

F phase T T \l T T T T T |/ ——1
Cg
\
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0 ZE 2z 3z 4k 3z 6% nx 8x% 9z 10z llx 12z I3x 27

Figure 3. Excitation method of 7-phase BLDC motor.

The structure of the controller is shown in Figure 4. To control the current as a square
wave, seven current controllers regulate each phase current independently, and the polarity
of voltage reference is applied according to the position in Table 1. In this case, the current
controller of the non-conductive phase stops the calculation and holds the value. The
above control method is particularly easy to implement in fault-tolerance control and
hybrid-phase excitation control [25,28,29].
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Table 1. Definition of conduction phase current according to 6-phase excitation method.

Phase Current

Position . : . . | |
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Figure 4. Structure of controller for driving 7-phase BLDC motor.

2.3. Control Characteristic According to Switching Frequency

In the seven-phase BLDCM control method, an increase of the switching frequency
can have advantages in two ways. First, the ripple of the current can be reduced. It
is affective on the high-speed BLDC motor with low inductance. Another advantage is
the compensation for position error caused by low resolution in the high-speed region.
Figure 5 shows the rotor position resolution depending on the sampling frequency. When
the control frequency is 10 kHz, 30 kHz, and 50 kHz, the sampling point of position is
expressed. The seven-phase control method divides rotor position in 14 sectors, and the
commutation change is conducted in every sector. However, a control frequency of 10 kHz
cannot immediately respond to the commutation change; then, the position error (6,;/) is
caused by sampling delay. The control frequency of the current controller is also insufficient
to control the current reference.
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Figure 5. Rotor position resolution depending on the sampling frequency.

Figure 6 shows the effect of position error. The current of each phase should be induced
at the region where the back-EMF voltage is flat. However, the position error causes torque

reduction due to the area of the triangle, as expressed as “a” in Figure 7. The area

"1

o’ is

proportional to the triangle region of the back-EMF voltage, and the proportional equation

can be expressed as Equation (7).
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Figure 7. Torque error caused by position error.
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By using (7), the amount of torque reduction (Tj,ss) can be driven as Equation (8), and
output torque of Equation (6) can be expressed as Equation (9) when the position error

exists.
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Therefore, in order to improve the control performance in the high-speed region and
extend the operation region, the increase of switching frequency is essential. These days,
the inverter system using SiC-MOSFET allows the possibility of using high switching
frequency. However, it also comes with the problem of the EMI noise. Thus, this paper
proposes a common-mode voltage-reduction method that is capable of optimizing the
resulting EMI noise.

2.4. Description of the Common-Mode Voltage for the 7-Phase BLDC

The modified unipolar PWM method in [33] is used to generate the independent
voltage induced to each phase winding, as shown in Figure 8. In this case, all of the voltage
references are assumed to be identical for simple description. The positive and negative
voltage references formed from current controller of each phase are compared with carrier
wave. The positive references decide the on-time of the top switch, which is conducted in
the positive conduction phases, and negative references decide the on-time of the bottom
switch in the negative conduction phases. This switching method has the advantage of
reducing the current pulsation by generating two output voltages in one switching period.

_,_Vr”;f\ U _arr_ier ______ 7 !

N

T Vref

+ Cond. Phase
Say Spy Se

- C_on(L Phgse
Sb ’ Sc ’ Sd

Figure 8. Modified unipolar PWM method in BLDC control.

The inverter output voltage including switching function can be expressed as Equation (10),
and assuming that the sum of all phase currents and back-EMF are zero, the common-mode
voltage can be calculated as Equation (11), where the switching state of non-conduction
phase is excluded, and Ss4e means the number of top switches turned on. Following
Equation (11), the kinds of the common-mode voltage (V.;,) that can be generated in the
6-phase excitation method are expressed as Equation (12). There are seven kinds of voltage
that occur according to the switching states.

1 1 : switch on
Ven = (Sx_2> Ve 52 = {Ozswitch Off} (10)
Vi - Zﬁ:asx—% V.. (S -3
Ve = Vey = ( - ): e ( stgte ) a1
[V Vie Ve o Vi Vie Vi
Vo = {4, T 0, e (12)

3. Proposed Phase to Phase Interleaved Method
3.1. Definition of the Phase-Phase Interleaved in the Seven-Phase BLDCM

To reduce the common-mode voltage, the phase shift method in the three-phase
inverter is extended to 6-phase excitation method [23]. Three carriers are used, and each
carrier is shifted by positive k degrees (“+”) and negative k degrees (“—") based on the
fundamental carrier, as shown in Figure 9. The positive and negative voltage references are,
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respectively, compared with “+k ”, “—k”, and the related carrier. Moreover, the compared
carrier should be changed according to the position in the 6-exciation method because the
excitation phase is changed in every position. Table 2 shows the matched carrier of each
phase according to the position. In Table 2, “+k”and “0°”mean the shifted angle of the
carrier, and “X” means the non-conductive phase. This arrangement of the carrier waves is
intended to minimize the torque ripple due to the phase shift when the position is changed.
In Figure 9, the common-mode voltage is shown with a switching state. The generation
pattern and magnitude of the common-mode voltage varies depending on the shift angle

and ML
K Switching Period
. —k carrier +k carrier
" carrier.
-+ Vref\
n n n / "
—_— T -o T uJ T T ”
U
Sa
S
S
Ky
S, |
Sy
Sstate 0 1 2 4 5 6 5 4 2 I 0
Ve —
— Voo -V |- Vac! Vae ! Va Yae Vi Vaci-Vaei-Vac: - Vac
2 3 6. 6 3 2 3 6 6. 3 2

Figure 9. Switching state and common-mode voltage of phase-phase interleaved method.

Table 2. Compared carrier depending on the position.

Phase

Position a b . P . f g
0 —k 0° +k X —k 0° +k
1 X —k 0° +k —k 0° +k
2 +k —k 0° +k X —k 0°
3 +k X —k 0° +k —k 0°
4 0° +k —k 0° +k X —k
5 0° +k X —k 0° +k —k
6 —k 0° +k —k 0° +k X
7 —k 0° +k X —k 0° +k
8 X —k 0° +k —k 0° +k
9 +k —k 0° +k X —k 0°
10 +k X —k 0° +k —k 0°
11 0° +k —k 0° +k X —k
12 0° +k X —k 0° +k —k
13 —k 0° +k —k 0° +k X

3.2. Switching Function Including the Shift Angle and MI for Minimum Common-Mode Voltage

The switching states of Figure 9 are newly expressed, as shown in Figure 10, to define
the switching state based on the compared carrier.
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Figure 10. Revised switching state of phase-phase interleaved method in 7-phase BLDCM.

The switching state of x-phase Sy is defined as 5(;; ;) as in Equation (13). When the top
switch is on, 7 becomes 1, and n becomes —1 when the bottom switch is on; m becomes 0,
—1, and +1 according to the sign of the shifted angle of the carrier.

—1: Bottom switch on
{8} = {S("'m)} "= {_1'1}’{ +1: Top switch on
0: based carrier (13)
m={-1,0,1},¢ —1: +k°shifted carrier
1: —k°shifted carrier

When the phase shift method is applied, the on-off point of each switching state can be
expressed as Equation (14), which contains the information of MI and shifting angle (k),
where 6. and 6y, are the rising edge and falling edge of the switching state, respectively.

—ntkm  nr —mkm  nm
S (nm)lOre, Oge] = [W - 7(1 +nMI), g0 T 7(1 +nMI)] (14)
Since the switching function of equations is a periodic signal, a Fourier series of switching
function is driven as Equation (18) by using the Fourier coefficient of Equations (15)-(17),
and the effective integration interval is from 6y, to 6, in Equation (14).

g = % / 7; Fx)dx (15)

ag, = % '/_Zf(x)cos(x)dx (16)

ap = %/j;f(x)sin(x)dx (17)

{S(n,m)(x)} = %0 + i(ag:os(iix) + bzsin(%x)) (18)

where f(x) is defined as 1 or —1, which means the on-state of the top and bottom switches,
respectively. The range of x is from —7 to 7, and z represents the precision of the switch-
ing signal. If it becomes larger, the signal is closed to the ideal square wave. By solving
Equation (18), the new switching functions including the shifting angle and MI in a switch-
ing period can be expressed as Equation (19).
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Sinm)(x) = ! +2MI +n), %[cos(mzk)sin(ml—ginMI))cos(zx)sin(mzk)sin(Zn(l—ginMI))sin(zx)] (19)
z=1
At last, the common-mode voltage according to the switching state can be calculated
as (20).
Vem = Vi (5(1,0)(x) + 51,1) (%) + 5(1,-1) (%) + S(-1,0) (%) + S(—1,1)(x) + 5(71,71)(95)) /6 (20)

3.3. Proposed Control Method for Phase Shift in 6-Excitation Method

Figure 11 shows the verification of Equations (19) and (20), which includes the specific
shift angle and ML The equations are programed by using MATLAB. As shown in Figure 10,
the common-mode voltage has various patterns according to MI and shift angle. Therefore,
the RMS value of V¢, is calculated as shown in Equation (21) to find the optimal shift angle
with generation of the lowest common-mode voltage.

[1 /T
Vem (rms) = %/0 V2, dt (21)

S(x) A S(x) &
1 S('~077 | 1 Suo)'[ 1
-l o i — pea—
- 2n/3 -n/3 0 n/3 2m/3 T - 2n/3 -n/3 0 /3 2n/3 W
A A
S, Si-n>
1 (1,— l ' l 1 l l f
_ | I -
v m— of -l —
- =2n/3 -n/3 0 n/3  2n/3 o - 273 -3 0 /3 2n/3 [
% A ‘
1 u,n\\' 1 1 -\S(l.l)‘ I
I I _ | |
-1s0g ot ISt ! ] 7 ot
-n 23 -n/3__ 0 n/3 2m/3 m - =2 =30 n/3 2m/3 T
A A
200F . - . , : 200 - . : : :
ch‘b V, m*
VI ' l l Y —_— T
=200 { 1 ; ot 200 — (gt
T 273 -n/3 0 w3 2w3 T - 2n/3 -3 0 w3 2m/3 T
(a) (b)
S(x) A S(x) A
1 5(1.0)‘7 1 1 S(l.orf 1
B ot e ot
- 2n/3 -n/3 0 n/3 2m/3 m - 2n/3 -n/3 0 /3 2m/3 [
A
1*&1—1» i 1=
| l | |
-1 'é(—l—n’? I . I | ot ASaar ‘ . , | ot
-n =2n/3 -n/3 0 n/3  2m/3 o - 273 -3 0 /3 2m/3 T
A A
Som — T S —
1 _l_-.% [ : _A% !—'
Asmmr———— Yot s,y ot
-n_ 2n/3 -n/3__ 0 /3 2m/3  m -t 2n/3 -3 0 n/3 2m/3 T
A A
200 ‘chil T T T T 200 ch‘

[\ P - S . N . W (1] s — —
-200 ot 200 ot
- 2n/3 -n/3 0 w3 2m/3 T T 2n/3 w3 0 w3 2m/3 T
(0) (d)

Figure 11. Pattern of common-mode voltage depending on the shift angle and MI: (a) k = 0°, MI = 0.4;
(b) k=60°, MI = 0.4; (c) k=120°, MI = 0.4; and (d) k = 180°, MI = 0.4.
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Speed
Controller

Figure 12 shows the normalized RMS value of the common-mode voltage when the
conventional PWM without phase shift and phase shift method in specific angles are
compared in specific angle. When the MI is lower than 0.5, a 120° shifting angle has the
best performance for the generation of common-mode voltage. On the other hand, a 90°
shifting angle has the lowest common-mode voltage when the Ml is higher than 0.5, and
the red dot indicates the point where the common-mode voltage is minimized during the
operation in full range.

Interleaved
angle

Figure 12. Amount of common-mode voltage depending on the interleave angle and MI.

Figure 13 shows the proposed interleaved method to reduce the common-mode noise
in the 7-phase BLDCM operation system. When the MI was smaller than 0.5, a 90 degree
interleaved method was adopted, and when the MI was larger than 0.5, a 120 interleaved
method was conducted.

PWM 7-phase

Generation Inverter 7-phase I
Guent e Vites BLDCM
ontroller = Vap, I
Vo ref . I =
— Gating e 1 |
= signal Ve (L 0 ' 5
7 -[r.\ ' V !
= - ; |
I Ve | B
Vere o RARRARE Hall sensor I
J
@ I

MI

Proposed Interleaved PWM Control Block

Figure 13. Proposed phase interleaved method to reduce the common-mode noise in the 7-phase
BLDCM.

4. Experimental Set-Up and Results
4.1. System Configuration for SiC-MOSFET

Figure 14 shows the experimental set-up using SiC-MOSFET for high-speed control
and switching frequency. A 3-phase rectifier, DC-link bank, SiC-MOSFET inverter, and
developed control board are integrated in the system. The SIC-MOSFET (CAS300M12BM2)
and gate driver (CGD15HB62P1) are made by CREE Inc. The dc-link and motor specification
are shown in Table 3. The picture and configuration of the control board are shown in
Figure 15. TMS320F28337D (DSP) and Cyclone4 (FPGA) are designed to calculate the
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control algorithm in 70 kHz. TMS320F28377D has a dual core, so the control algorithm is
properly distributed for reducing the calculation time, and a high-speed analog-to-digital
converter (ADS5270) is used to remove the sampling delay of the phase current. All
of functions to control the motor are implemented in FPGA. It can help to secure the
calculation time of DSP.

7- phase SiC Mofset
Inverfer Set 2 7-phase SiC - Mosfet Inverter

Notebook ‘Oseillo scoped Diode
Rectifi

ase
SIC Inverter

— R

7- Phase

~ . rand
3- Phase PMSM BLDCM

Figure 14. Experimental Configuration of SiC Inverter for 7-phase motor.

Table 3. Parameters for the experiment.

Part number CAS300M12BM2 (Cree)
Rated Voltage 1200 (V)
SiC-MOSFET Rated Current 300 (A)
Inverter Esw 12 (m])
Rds(on) 4.2 (mQ))
Switching frequency 10~70 (kHz)
. Capacitance 1100 (uF)
DC-Link Bank \F/’oltage 150 (V)
Pole 6
Rated speed 7000 (Rpm)
Seven-Phase Rated current 10 (A)
BLDCM Stator resistance 0.1(QY)
Stator Inductance 1 (mH)
Back-EMF constant 7.5 (V/krpm)

4.2. Control Performance According to Switching Frequency

In order to compare the relationship between the control frequency and control perfor-
mance, the current control in 10 kHz of the conventional switching frequency is compared
with 40 kHz and 70 kHz. Table 4 shows the current control cycle in a specific rotor rotation
frequency and switching frequency. We already know that as a control rule, current control
is required to operate at least five times within the speed control cycle. Figure 16 shows
the 1.8 A current control and the speed of motor is saturated by the mechanical friction.
Figure 16a shows the large torque ripple caused by commutation change in the 6-exictation
method. If the switching frequency increases to 70 kHz, the torque ripple is reduced. As
mentioned earlier, the control frequency affects the position error. Specially, seven-phase
BLDCM is controlled by dividing the position to 14 sectors.
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Figure 15. Configuration of SiC-MOSFET control board: (a) developed 7-phase control board;
(b) block diagram of control board.

Table 4. Operation cycle according to control frequency and rpm.

Frequency
Rpm
10 (kHz) 40 (kHz) 70 (kHz)
4000 (Rpm) 3.5 cycle 14.2 cycle 25 cycle
7800 (Rpm) 1.8 cycle 7.3 cycle 12.8 cycle
10,400 (Rpm) 1.3 cycle 5.4 cycle 9.6 cycle

Sufficient control frequency is required in every sector. The operation cycle of the
current controller can be calculated using Equation (22).

Control frequency

Operation Cycle = (22)

Rpmxﬁxm

Figure 17 shows the speed control in 4000 rpm. Speed control in the conventional
control frequency of Figure 17a shows a large current ripple caused by commutation
change. Increasing the switching frequency improves the control performance through
instant sampling of position changes, as shown in Figure 17b,c. In the speed control of
10 (kHz) at 7800 rpm, as shown in Figure 18a, the current cannot be controlled, and the
maximum output results. This is due to the lack of frequency of operation of the current
controller for one sector, as shown in Table 4, and the sampling error of the position is
included. On the other hand, in the speed control of 40 kHz or 70 kHz, the phase current is
controlled well.

Figure 19 shows the speed control in 10,400 rpm. In this region, the speed control
of 40 kHz cannot control the phase current well. As shown in Figures 17-19, increasing
the switching frequency affects the improvement of the control performance and extends
the operation range. Figure 19 shows the speed control in 10,400 rpm. In this region, the
speed control of 40 kHz does not control the phase current well. As shown in Figures 17-19,
increasing the switching frequency affects the improvement of control performance and
extends the operation range.
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Figure 16. Comparison of current control depending on the control frequency: (a) 10 kHz current

control; (b) 40 kHz current control; and (c) 70 kHz current control.
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Figure 18. Speed control characteristic according to switching frequency (7800 rpm); (a) 10 kHz
switching frequency; (b) 40 kHz switching frequency; and (c) 70 kHz switching frequency.
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Figure 19. Speed control characteristic according to switching frequency (10,400 rpm); (a) 40 kHz
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Figure 20 shows the amount of the common-mode voltage and leakage current when
the switching frequency increases. When the switching frequency increased from 14 kHz
to 70 kHz, it was confirmed that the common-mode noise increased.
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Figure 20. Relationship between switching frequency and common noise; (a) 14 kHz switching
frequency at 4000 rpm; (b) 40 kHz switching frequency at 4000 rpm; and (c) 70 kHz switching

frequency at 4000 rpm.

4.3. Common-Mode Voltage Generation According to the Interleaved Method and MI
As we know from the above experiments, increasing the switching frequency is the

most important for improving the control performance, but reducing the common monde
noise is more important in the current industry. Figure 21 shows the experimental results
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of the proposed common-mode voltage generation according to the interleaved angle
in the no-load condition. The switching frequency is controlled constantly at 40 kHz.
The speed control of the 7-phase BLDCM is implemented, and the speed reference is
4000 rpm. Figure 19a shows the conventional 7-phase PWM method, and Figure 21b,c
represent the 90° and 120° interleaved methods, respectively. In the no-load condition,
where the modulation index (MI) is very low, the conventional PWM method has the largest
common-mode voltage, and the smallest common-mode voltage appears when using 120°
interleaved method.
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Figure 21. Comparison of common-mode voltage and leakage current depending on the 40 kHz
switching frequency (4000 rpm): (a) conventional 7-phase PWM; (b) 90° interleaved method; and
(c) 120° interleaved method.
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The experimental results of the common-mode voltage and leakage current according
to the PWM method and MI with the load condition are shown in Figures 22-24. The
modulation index (MI) is controlled from 0.3 to 0.7 to compare results. It shows the 0.3
modulation index (MI) condition in (a), 0.5 modulation index (MI) condition in (b), and
0.7 modulation index (MI) condition in (c). As presented in Figures 22 and 23, when the
modulation index (MI) condition is 0.3 and 0.5, the 120° interleaved method has the smallest
common-mode voltage, and conventional 7 phase PWM has the largest common-mode
voltage; as presented in Figure 24, for the 0.7 modulation index (MI) condition, the 90°
interleaved method has the smallest common-mode voltage, and conventional 7-phase
PWM has the largest common-mode voltage. Figure 25 shows the comparison of the
common-mode noise between the conventional PMW and interleaved method. There is a
little difference from the mathematical analysis due to the independent voltage reference of
the 7-phase current controller. In conclusion, as observed in the experimental waveforms,
the proposed method of applying the optimal interleaved angle according to MI can
reduce the effect of the common-mode voltage by up to 50% compared to the conventional
PWM method. Since the optimal interleaved angle is related with the modulation index
(MLI), a selective control method is required between the 90° interleaved method and 120°
interleaved method.
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Figure 22. EMI noise characteristic according to 0.3 MI (2600 rpm) and interleaved method:
(a) conventional 7-phase PWM,; (b) 90° interleaved method; and (c) 120° interleaved method.
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Figure 23. EMI noise characteristic according to 0.5 MI (5000 rpm) and interleaved method:
(a) conventional 7-phase PWM,; (b) 90° interleaved method; and (c) 120° interleaved method.
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Figure 24. EMI noise characteristic according to 0.7 MI (7400 rpm) and interleaved method:
(a) conventional 7-phase PWM,; (b) 90° interleaved method; and (c) 120° interleaved method.
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Figure 25. Common-mode noise comparison according to MI between conventional method and
proposed interleaved method: (a) common-mode voltage and (b) leakage current.

5. Conclusions

This paper presents the relationship between the carrier interleaving method and
modulation index (MI) with common-mode voltage in a 7-phase BLDCM control system
using SiC-MOSEFET for higher switching frequency. Using SiC-MOSFET can reduce current
ripple and compensate for position error caused by low resolution in high-speed regions.
However, increasing the switching frequency causes common-mode voltage and EMI
noise. The implementation of the interleaved method in 6-excitation control is described,
in which the amount of common-mode voltage was analyzed because it depends on the
interleaved angle and MI. The RMS value of the common-mode voltage in a switching
period was derived by mathematical equation. The paper proposes the method that
operates the optimal interleaved angle according to MI for minimum common-mode
voltage, and experiments about common-mode voltage were conducted to verify the
optimal interleaved angle.
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