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Abstract: In order to effectively avoid the shoot-through issue of the semiconductor device (such as
the power metal-oxide-semiconductor field-effect transistor (MOSFET)) adopted in the phase leg
of the motor drives, a dead-time zone should be inserted. However, the nonlinearity caused by the
dead-time effect will bring about voltage/current distortion, as well as high-order harmonics, which
largely degrades the performance of motor drives, especially in low-speed operations with slight
loads. In this paper, a dead-time compensation method is proposed to suppress such side effects
caused by dead-time zones and improve the performance of motor drives. Compared with other
existing methods, the proposed method is mainly focused on the switching characteristics of the
power MOSFET, which is directly relative to the compensation time in each pulse-width modulation
(PWM) period. Firstly, a detailed derivation process is elaborated to reveal the relationship between
compensation time and the switching performance of the MOSFET. Meanwhile, the switching process
of the MOSFET is also well analyzed, which summarizes the variations in the switching time of
the MOSFET with a varied load current. Then, the multipulse test (MPT) is carried out to obtain
accurate values of the switching time with the varied load current in a wide range (0-80 A) and form
a 2D lookup table. As a result, the compensation method can easily be realized by combining the
lookup table and linear interpolation based on the phase current of the motor dynamically. Finally,
the effectiveness of the proposed method is verified based on a 12 V permanent magnet synchronous
machine (PMSM) drive system. According to the relative experiment results, it can be clearly observed
that the time-domain waveform distortion, high-order harmonics, and total harmonic distortion
(THD) value are reduced significantly with the proposed dynamic compensation method.

Keywords: dynamic dead-time compensation; switching characteristic, MOSFET; harmonic; motor
drives

1. Introduction

The permanent magnet synchronous motor (PMSM) has become one of the most
popular choices in industry applications due to its superiority in efficiency, noise, and
vibration [1-7]. Figure 1 shows a typical PMSM drive system based on power metal-
oxide-semiconductor field-effect transistor (MOSFET), in which Sy, Sar, SeH, SBL, ScH,
and Scy represent the power MOSFETSs of the inverter. It is noted that the field-oriented
control (FOC) algorithm combined with the space vector pulse-width modulation (SVPWM)
strategy has been adopted in most cases [8-12]. Figure 2 shows the scheme of FOC
combined with SVPWM in PMSM drives. During the control process, the voltage vector for
the motor drive is synthesized by turning on or off the MOSFETs periodically. In order to
avoid the shoot-through of the MOSFETs in the same phase leg, the dead-time zone should
be inserted into the gate control signals of the semiconductor devices [13,14]. However, the
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dead-time effect will cause current distortion, as well as high-order harmonics due to its
nonlinearity [15-19]. Especially, when the motor operates at a low rotation speed with a
slight load, the harmonics will generate obvious torque ripples, which largely degrades the
control performance of the motor drives [20,21]. Obviously, in order to improve the control
performance of the motor drives, the nonlinearity caused by the dead-time effect requires
special attention [20,22].

In recent years, there has been much research dedicated to dead-time effect suppres-
sion, and some compensation methods have been reported. In general, these compensation
methods can be classified into two categories: one is based on control algorithms, which
aim to force the high-orders current harmonics approximates to zero [21-23]; the other one
is focused on the switching characteristics of the semiconductor device (such as IGBT and
MOSFET), which compensates the dead time (T;) dynamically according to the voltage
slew rate (dv/dt) during the switching transition of the device [24-28].
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Figure 1. Scheme of a typical PMSM drive system.
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Figure 2. Scheme of FOC combined with SVPWM in PMSM drives.

According to the analysis elaborated in [29], the inserted T; brings out voltage devia-
tion between the output voltage and voltage command calculated with the FOC, which
ultimately leads to current distortion, high-order harmonics, and torque ripples. As a result,
it is feasible to find the voltage deviation and compensate it with the output voltage to
alleviate the impact of the dead-time effect. In [30], a well-designed control algorithm
is carried out by controlling the extracted sixth-order current harmonics on the d-axis
approaching zero through sixth-order sinusoidal voltage injection on the d and q axes.
A similar method reported in [31] is implemented by regulating the extracted fifth- and
seventh-order harmonics of the three-phase current of the motor. However, it should be
noted that extraction of the high-order harmonics with sufficient accuracy seems rather
complicated because it contains various digital filter designs. In [29], the traditional PI
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controller for a current loop has been replaced by a revised repetitive controller (RRC).
Compared with the method mentioned in [30,31], the RRC can reduce the sixth-order
harmonics effectively without extracting accurate high-order current harmonics. In [32],
an adaptive compensation method based on predictive current control is reported, which
compensates the predictive reference voltage with the dead-time voltage deviation. But
the accuracy of this method will be reduced once the motor parameters (such as d—q axis
inductance) for voltage prediction are considered constant.

On the other hand, it should be noted that the high-order current harmonics and
torque ripples originate from the inserted Tj in the control signal. Obviously, it is feasible to
figure out a suitable compensation time (T,;;) and enact it on the control signal directly to
suppress the dead-time effect. In [24], the authors propose an online identification method
of the compensation time (T;) according to the estimated g-axis disturbance voltage
through a disturbance observer. However, the calculation process of the g-axis disturbance
voltage is complicated, and it requires a high-performance microcontroller unit (MCU). In
order to simplify the calculation process, the T,y has been determined according to the
switching characteristics of the IGBT in [24-26]. The turn-off transition time (f,7f) of the
IGBT has been measured with the varied load current, and the turn-on transition time (f,)
can be assumed as zero for simplification because the load current in this case ranges only
from 0 to 1.5 A. However, the t,; cannot be considered zero anymore with the increased
load current. According to the switching process of the semiconductor device, the t,, will
be prolonged with the increased load current [33,34]. In [27], the authors assumed that the
turn-off transition of the IGBT is the charging process of the parasitic junction capacitor
(Cee)- Then, the Ty, can be acquired based on the relationships derived in [27]. However,
this assumption is validated only when the device operates in quasi-zero-current-switching
(QZCS) mode. Once the device operates out of the QZCS mode, the turn-off process cannot
be considered as charging the C.. According to the switching process of the IGBT and
MOSFET, the QZCS turn-off usually occurs in the condition with lower load current (no
more than 1 A) [35]. In [28], the snubber capacitor (Cs) has been paralleled between the
drain and source of the power MOSFET. Since the value of the junction capacitor (Cys) of
the MOSFET is far less than that of the added Cs, the turn-off process can be approximated
as the charging of the Cs. As a result, the T, can be easily obtained based on the principles
discussed in [27]. However, the power loss on C;s will reduce the efficiency of the motor
drive, especially in large current (several tens amps) conditions.

In this paper, a dynamic dead-time compensation method based on switching charac-
teristics of the power MOSFET is proposed for a PMSM drive system. According to relative
experiment results, it can be observed that the total harmonic distortion (THD) of the
phase current, as well as the high-order current harmonics, has been reduced significantly.
Compared with other existing works, the main contributions of this work are summarized
as follows:

*  The influence of the dead-time effect on motor drives is analyzed in detail, which
manifests that the voltage deviation between voltage command and output voltage
is the origin of the dead-time effect. As a result, the compensation principle can
be established.

*  The switching process of the power MOSFET is analyzed, especially the normal turn-
off process and the QZCS turn-off process, which demonstrates that the switching
time of the MOSFET varies with the load current and cannot be considered constant.
In addition, the multipulse test (MPT) and the switching time of the MOSFET can be
obtained accordingly. With the MPT result, the dynamic compensation method can be
realized based on the lookup table and linear interpolation.

The rest of this paper is organized as follows. In Section 2, the impact of the dead-time
effect on motor drives is analyzed in detail. The switching process of the power MOSFET is
elaborated in Section 3. The MPT test is implemented in Section 4 to evaluate the switching
characteristics of the MOSFET. Experiment verification is carried out in Section 5 to validate
the proposed compensation method. Finally, the conclusion is summarized in Section 6.
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2. Impact of the Dead-Time Effect on Motor Drives
2.1. Ideal Condition (without Consideration of T;)

Figure 3 shows the voltage between phase node “a” and ground “g” (Vi) in ideal
conditions. The A" and A~ represent the control signals of the S,y and S4; without
consideration of the T;. The T stands for half of the switching period of the power inverter.
In this condition, V,¢ can be expressed as

|
Viep — — — t
A+ |
|
f
Ve |
|

A_
|
}
Vit — — — |
Vg |
(ideal) |
!

T: | T:
N Ts e Ts i
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Figure 3. Phase node “a” to ground “g” voltage V¢ in ideal conditions.

V B Vdc SAH — //1// & SAL — //0// (1)
ag *Vdc SAH — 110” & SAL — /llrl

where V. is the dc voltage supply. According to the voltage and second principle, the V¢

can be considered as T
a
Vag = Vi - T, )

in which, T, is the “ON” state time of Sapy (I; = T, — T7). Similarly, it can be obtained
as follows:

Ty

ng = Vi - 2T,
s ©)

ch = Vdc ' ﬁ

s

in which Vj,, and V, are the voltage between phase nodes (point “b” and point “c”) and
the ground (point “g”), and T, and T, are the “ON” state time of Spy and Scp. Since the
summation of the three-phase voltage of the motor drive ( Vs, Vys, Vis ) can be assumed tp
be zero, the following relationship can be acquired:

Vie 2T, T, — T

Ve = .
=3 27,
Vie 2T, —T,—T,
= 4
Vbs 3 2Ts ( )
v Vi 2T, - T,
“7 3 2T,

2.2. Actual Condition (with Consideration of T,;)

Figure 4 illustrates the voltage between phase node “a” and ground “g” (V¢) with the
consideration of T;. Different from the ideal condition, the T} is inserted into the actual
control signals A™* and A™*.
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Phase node “a” to ground

“_

(b)

g” voltage Vjq of motor in actual conditions. (a) iz > 0.

(b) igs < 0.

According to Figure 4a (izs > 0), Sap is turned on and S 4 is turned off in state “10”.
The Vg in this case is considered as the deviation between V. and the on-state voltage
of the S 4. In state “00”, both S and S4; are turned off. In this case, the load current
flows through the body diode of S 4. Thus, V¢ can be viewed as the voltage drop on the
body diode of S 4. In state “01”, S oy is off and S 41 is on. The V;¢ can be considered as
the on-state voltage of the S 41 . Therefore, the V¢ in a complete switching period can be
expressed as

Viae = Ras - ias] San ="1" & S5, ="0"
Vag =4 —(Vao + Rg - [ias]) Sap ="0" & Sp ="0" ©)
_Rds . |ias| SAH — 1/0// & SAL — 1/1//

where R;; and R are the on-state resistance of the MOSFET and its body diode, Vj, is the
forward voltage of the body diode, and i, is the phase A current of the motor.

According to Figure 4b (izs < 0), Sqp is turned on and S 41 is turned off in state “10”.
The V;; in this situation can be considered as the summation of Vj;. and the on-state voltage
of the S 4. In state “00”, both S4 and S,4; are turned off. In this case, the load current
flows through the body diode of S sp. Thus, V¢ can be viewed as the summation of Vj,
and voltage drop on the body diode of S 4p. In state “01”, S 4 is off and S 41, is on. The V¢
can be viewed as the on-state voltage of the S 4. Therefore, the V¢ in a complete switching
period can be expressed as

Vdc + Rds ! ‘iﬂs|
Vdc + (Vdo =+ Rds : |ia5|)

SAH — //1// & SAL — //0!/
SAH — 1/0// & SAL — 1/0// (6)
SAH — //0// & SAL — //1//

Vag =
Rds : |ias|

2.3. Impact of the Dead-Time Effect

According to Figure 4a (izs > 0), the V,¢ can be derived as the following type based on
voltage and second principle:



Electronics 2023, 12, 4855 6 of 28

v v T, + (Tcom_Td_Tan+Toff) v ZTH-FTon—TOff
ag — Vdc - 2T, — Vdo - 2T, (7)
2T; + Ton — T, )
—[Ras — (Rds - Rd) ’ = iy las
2T

where T, represents the compensation time added on the control signals. According to
Figure 4b (i;s < 0), (7) should be modified as

T, — (Tcom_Td_Ton+Toff) v 2Td+Ton_Tuff
1o -

B or 4T TO 2t ®)
d on — .
- [Rds - (Rds - Rd) ’ oT 0ff:| < 1gs
S

Vag = Ve -

Therefore, the Vag can be expressed as the following type, whether i, > 0 or iz5 < 0:

Ta+5ign(ias)(Tcom —T;— Ton"‘Toff) . . 2T;+ Ton — Toff
Vag = Vae T — sign (ias) - Vgo - 2T. )
S S
2T+ Ton — T, .
- |:Rds - (Rds - Rd) ’ ZOTH 0ff:| *las
S
in which sign(x) can be defined as
1 ips>0
sign(ips) = 0 ip=0 p=ab,c (10)
Similarly, th and V¢ can be obtained as
Ty + sign (i) (Tcom — Ty — Ton + Toff) o 2Ty + Ty — oy
Vog = Viae - T — sign(ips) - Vio - T an
S S
2T + Ton — Toff:| .
— |Rys — (Rys — Ry) - -1
|: ds ( ds d) 2T, bs
Tc+5ign(ias)(Tcom —T;— Ton+Toff> . . 2T + Ton _Toff
Veg = Ve - T — sign(ics) - Vo - T, (12)
S
2T+ Ton — T, )
- |:Rds - (Rds - Rd) ) 20; Off:| “les
S

It is noted that the summation of V;, V}s, and Vs can be assumed to be zero. As a result, the
voltage between the neutral point of the motor “s” and ground “g” (V;¢) can be acquired
based on (9)~(12).

ng = %(Vag + ng + ng)

(13)
1. . o o 2Ty + Ton — T,
= —[sign(ias) + sign(ips) + sign(ics)] - Vyo - on — “off
3 2T
Then, combining (9) and (13), Vs can be rewritten as
Vs = Vs + Vg — Reg - fas (14)
where V5, V;s, and R, are defined as
1 2T, — Ty, — T,
* _ - . a b c
Vus - 3Vdc 2T, (15)
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= <Vdc . — Vi - 20; off> - [2sign(ias) — sign(ips) — sign(ics)]  (16)
S
2T+ Ton — Toff
2T,

inwhichM = Teory — Ty — Ton + T, Ff- According to (14)~(16), it should be noted that V5 is
the same as the phase voltage derived in ideal conditions. Thus, V; can be considered as the
voltage command. In addition, the R, in (17) can be viewed as Reqy =R s because Ry — Ry
can be assumed to be zero for simplification. As a result, the influence of R,y - 7,5 can be

Req = Rds - (Rds - Rd) : (17)

neglected because it will become a dc component after Park transformation. Obviously, V;s
is considered as the voltage deviation, which is the origin of the high-order harmonics, and
it leads to current distortion. Similarly, Vés and VCIS can also be obtained as

/ 1 M ZTd + Ton - T, . . . . . .

Vs = 3 <Vdc T Vio - o Off> - [2sign(ips) — sign(ics) — sign(ias)]  (18)
’ 1 M ZTd + Ton — T, . . . . . .

Vs = 3 (Vdc : ZT“S — Vo - 2?5 off> - [2sign(ics) — sign(ias) — sign(ips)]  (19)

Assuming that
M 2Td+Ton *Toff
AV=V; - — -V, - 2
dc 2Ts do ZTS ( 0)

the time-domain waveform of V;S, Vz: o, and VC/S in the A-B-C reference is shown in Figure 5.

iAV

3 Vas'

TR
>
~

|
T
|
|
! ! >
0 T 2 4r  Srx
3

Figure 5. Time-domain waveform of voltage deviation in A-B-C reference.

With the Clarke transformation, the time-domain waveform of the voltage deviation

. ! / . . . . / /
in «-p reference (v, and v ) is shown in Figure 6. The expressions of v, and v g can be
written as
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T 27
ZAV 9|0, §) U [3, )
AV e
/ 3" 3
Uy = in 5 (21)
—=AV 0 c [7(, 3> U = 27)
47t 5
—=AV 0 —_— =
€133 )
2 2t 4
—AV 0 —_— =
3 < [ 373 )
v = 0 0 c [7; 2;) U [4: 5;) (22)
2 T 51
——AV 0 — —,2
7 S {O, 3) U { 3 7T)

in which 6 means the electric angle of the motor. Then, v, and v}s can be derived by taking
the Fourier series as follows:

/ iy ; 4AV 1 1
Vo = Y el et = ZZZ[sin(wet) + —sin(5wet) + =sin(7wet)
Lt m 5 7 (23)

1 . 1 .
+ ﬁsm(llwet) + Eszn(l?;wet) + o]

/ oo ; 4AV 1 1
vg = Y. gl = T[_ cos(wet) + z cos(5wet) — 7 cos(7wet)
ke (24)

1 1
+ T cos(1lwet) — e cos(13wet) + « - -]
where w, represents the electric angular frequency of the motor.

4

—AV
3 24y
3 Var
1 l
| |
| |
| | | |
| | | |
o 2y b
| NEY | |
| | |
| |
| I | | | Vpr
' ' | |
| | | | | |
| | | | | |
303 3 3 i

Figure 6. Time-domain waveform of voltage deviation in «-f reference frame.

With the Park transformation, the time-domain voltage deviation in d—q reference (v;l
and v;) can be obtained as

o 4AV [12 24
=22 | Ly £+ = sin(12 25
V4 - 35sm(6we ) + 1435171( wet) + (25)
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/_4AV[

2 2
v = —1+ —— cos(bw,t) + —= cos(12w,t) + - - } (26)

35 143

Then, the high-order current harmonics in d—q reference (i:i and i/q) can be obtained as

o 4AV | 12 24
=20 in(6cwet — % sin(12wet — 27
= [352651”(6“’5 P6) ¥ aa7,, 1 (12061 = g12) } @7
. 4AV 1 2 2
g = —— [_Rs + 357, cos (6wt — ) + 1037, cos(12wet — ¢p12) + - - ] (28)

where Z; and ¢y denote the amplitude and phase angle of the motor impedance:

Zy = \/(Rs)2+ (kwe - Ls)*> k=6,12,...

¢ = tan"! <k“’;' LS) k=612,...

S

(29)

in which R, is the motor resistance, and L is the self-inductance of the motor. It is obvious
that the 6th-, 12th-, and higher-order harmonics in the d—q reference, as well as the 5th-,
7th-, and higher-order harmonics in the a-f reference are attributed to the dead-time effect.
In the motor drives, such high-order harmonics are responsible for the current distortion
and torque ripples, which largely degrades the control performance of the system.

2.4. Basic Principle of the Dead-Time Effect Compensation

According to the analysis demonstrated above, the voltage deviation (V;S, VZ; ,»and VC,S)
is the source of the higher-order harmonics, current distortion, and torque ripples. In order
to effectively suppress the dead-time effect, the amplitude (AV) of the voltage deviation
should be assumed to be zero. Thus, the following can be acquired:

M 2Td+Ton *Toff
AV =V, - — —Vy, - =
dc 2T, do 2T, 0 (30)
Then, the compensation time Ty, can be determined as
_ Vdo
Teom = Td — Toff + Ton + W . (2Td + T, — Toff) (31)
C
In (31), Ton and T; 5 are defined as
Ton = Ton_delay + Ton_tmnsient
(32)
Toff = Tofffdelay + Toffftransient

in which Ty, _gelqy is the turn-on delay time, To,_transien: is the turn-on rise time, Tyf delay 1S
the turn-off delay time, and Tyff transient is the turn-off fall time. According to the switching
process of the power MOSFET, the T, and T, s are determined by the switching perfor-
mance of the MOSFET, especially the varied load current. Thus, they cannot be considered
as constant anymore. Obviously, a dynamic compensation time (T¢os;) is required to adapt
the switching characteristics of the power MOSFET in motor drives.

3. Switching Process of the Power MOSFET

As analyzed above, the varied load current in the motor drives impacts the switching
performance of the MOSFET and compensation time (T¢,;) for the dead-time effect. Thus,
we elaborate on the switching process of the power MOSFET in this section and figure out
the relationships between T,;; and the varied load current in the motor drives.
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3.1. Turn-On Transition

The switching waveform during the turn-on transition of the MOSFET is given in
Figure 7. It is noted that the turn-on transition can be divided into four stages. Figure 8
illustrates the equivalent circuit of each stage during the turn-on transition.

I/gS " T, on_delay T, on_transient

] ] | ] 1
] ] | ] |
1 1 )
| } | ] ]
! l I )
] ] | ] |
) | | ] | >
N — : 7
] ] | ]
Vs |—— N |
| | | ] ]
] ] | ] ]
] ] | ] }
| ] } ] ]
] ] } ] ]
] ] | | ] _
L P : t
4 | | |
L] & - :
] ] ] |
] ] ) ] ]
| |J| !
] ] | ] ]
] ] 1 | | >
— - : ‘
] ] | ] ]
A | | I [} [}
1, L L :
] ] | ] ]
] ] } ] ]
! ] ! ] ] _
to t[ t2 t3 t4 t

Figure 7. The switching waveform of the MOSFET during turn-on transition.

Stage 1 (to~t1): In this stage, the gate voltage supply steps from 0 to Vgs on. As
a result, the gate current (I;) charges the gate—source capacitance (Cys) of the MOSFET.
According to the equivalent circuit of this stage (see Figure 8a), the following relationship
can be acquired:

Vis = Vpe
Vgs = ng + Vds
8¢ dt 85 dt

Ves on = IgRg + Vs

where Vg, Vys, Vo4 represent the gate—source voltage, drain-source voltage, and gate-drain
voltage of the MOSFET, Vpc means the dc voltage supply, Cgy is the gate-drain capacitance
of the MOSFET, and Ry stands for gate resistance. According to the operation mechanism of
the MOSFET, this stage will continue until Vg5 reaches the threshold voltage (V). Therefore,
the duration of this stage (Ty;,_ge1qy) can be obtained as

Vs oN
Ton_delay = Rgciss In = (34)
Vas_on — Vi

where Cjg; is the input capacitance of the MOSFET, and it can be defined as
Ciss = ng + Cgs (35)

Thus, it can be observed that the Ty, g1,y is nearly not affected by the load current.
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==
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Figure 8. Equivalent circuits for turn-on stage, (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4.

Stage 2 (t;~t>): In this stage, I, still charges Cgs. According to Figure 8b, it is noted
that the relationships demonstrated in (33) are still validated in this case. Meanwhile,
Vgs > Vi, and the channel of the MOSFET begins to conduct. This stage will continue until
Vs reaches the miller plateau voltage (V,,;), which can be expressed as

i
Viit = —= + Vi (36)
8fs

where i, refers to the load current, and gy is considered the transconductance of the
MOSEET. Then, based on (33) and (36), the duration of stage 2 (¢,, 1) can be calculated as

Vs on — Vi
VGs oN — (iL / 8fs T Vth) 7

fon1 = Rgciss In

Obviously, the t,, 1 is prolonged with the increased load current.

Stage 3 (fp~t3): Figure 8c illustrates the equivalent circuit in this stage. It is noted that
I charges Cg4, and Vg is clamped (Vgs = V). This stage will end once V5 drops to zero.
Thus, the following relationship can be obtained:

Ves = Vea + Vias = Vil

8d C d
Ig 8d dt 8d Tts (38)

Vs oN = IgRg + Vit
Then, the slew rate of V;; can be calculated as

dVas Vs oN = Vil (39)

dt Rgng
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Thus, the duration of stage 3 (¢, ») can be obtained as
Vbc - Rg - Ceg
VGs_ oN — (iL/gfs + Vth)

t0n72 = (40)

It is obvious that ¢, » is also prolonged with the increased load current. As a result, it can
be confirmed that the total transient time (Ty;; transient) during the turn-on process will be
increased with the improved load current.

Ton_transient = ton_l + ton_Z (41)

Stage 4 (t3~t4): Since the switching transient related to T,, finishes at the end of
stage 3, stage 4 (see Figure 8) plays a less significant role. As a result, a detailed analysis of
this stage can be omitted.

3.2. Turn-Off Process

In this part, we discuss two cases of the turn-off process of the power MOSFET. One
is considered a normal turn-off process, and the other one is viewed as a QZCS turn-
off process.

3.2.1. Normal Case

The switching waveform during the normal turn-off transition of the MOSFET is given
in Figure 9. It is noted that the normal turn-off transition can be divided into four stages.
Figure 10 illustrates the equivalent circuit of each stage in the normal turn-off process.

V R T, off delay T off transilent |
8 1 1 | |
1 1 o 1
1 L |
1 1 N ! 1
1 1 1 |
1 1 o 1
[ [ o | R
N i Lo : t
1 1
Vas| o :
1 1 | 1
1 1 o |
1 1 [ |
1 1 [ |
1 1 [ 1
' /L : R
I ] o | t'
+ | Lo i
1, : l Lo i
] ] | [}
1 1 1\ ! 1
1 1 1\! |
1 1 o\ 1
[ 1 \ | R
l l o i t
4 ! ! : : :
Ich E E L i
1 1 N\ ! |
1 1 1\ ! |
1 1 1\ ! |
1 1 I\l !
1 1 1 >
ty 1 L B Yy t

Figure 9. The voltage and current waveforms during turn-off stage in normal cases.

Stage 1 (fp~t1): In this stage, the gate voltage supply steps from Vs on to 0. As a
result, I, discharges Cgs. According to the equivalent circuit of this stage (see Figure 10a),
the following relationship can be acquired:
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av. av,
_ 8d 8s
lo = Coa—gy * Cogy
Vis=0

Since this stage will continue until Vg drops to V,;, the duration of this stage (T, ¢ _gelay)
can be acquired as

Vies_on
i / 8fs T Vin

It is obvious that the T, f¢_ge10y sShrinks with the increased load current.

Toff_delay = Rgciss In (43)

Figure 10. Equivalent circuits for turn-off stage in normal cases, (a) Stage 1, (b) Stage 2, (c) Stage 3,
(d) Stage 4.

Stage 2 (t1~t2): Once the Vs drops below V,,;;, the MOSFET operates in the saturation
region. Thus, Vj, rises in this stage. According to the equivalent circuit of this stage (see
Figure 10b), the following relationship can be acquired:

Ves = Voa + Vias = Vil

dv, AY
_ gd d
Iy = Coa— = —Caa dts (44)
0 = IgRg + Vi

Then, the slew rate of V;; can be calculated as

AVas Vi
dt Rgng

(45)

It is noted that this stage will end once Vj, reaches Vpc. As a result, the duration of this
stage (Toff_transient) can be acquired as
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) (46)
ZL/gfs + Vin

Toff_tmnsient =

Obviously, the Tyf¢_ geray also reduces with the increased load current.

Stage 3 (t2~13) and Stage 4 (f3~4): Since the switching transient related to T ¢ in the
normal witching process finishes at the end of stage 2, stages 3 and 4 (see Figure 10c,d) have
less significant impacts. As a result, a detailed analysis of stages 3 and 4 can be omitted in
this situation.

3.2.2. QZCS Case

As analyzed in [35], the QZCS turn-off process usually occurs in low-current condi-
tions. The switching waveform during the QZCS turn-off transition of the MOSFET is given
in Figure 11. It is noted that the QZCS turn-off transition can be divided into three stages.
Figure 12 illustrates the equivalent circuit of each stage in the QZCS turn-off process.

V T, off delay T()ff_ transient
A
gs

I: :I: L :I |
1 | | ]
I\I | ] ]
] ] | | |
NG e
S e S ;
R e 7
| 1 | | ]
Vas| 1 1 —
] 1 | | ]
| 1 | | ]
| 1 | | ]
| 1 | ] ]
| 1 | | ]
| 1 * | ] R
o L t
L 1 | ] ]
I, L S
NI
] ] ] ] ]
] ] | ] ]
] ] ] | ]
1 | 1 | _
R | H 11
] ] ] | ]
A | ] | ] ]
IR o
‘—\ L
] ] | | ]
] ] ] | |
] ] ] | |
t t; t t; ty i

Figure 11. The voltage and current waveforms during turn-off stage in the QZCS case.

Stage 1 (fo~t1): According to Figure 12a, it is noted that this stage is the same as stage
1 in a normal turn-off process. Thus, (43) is still validated in this case.

Stage 2 (1 ~t7): According to Figure 12b, it is noted that (42) is still suitable in this case.
Since this stage will finish once Vg drops below Vj;,, the duration in this stage (f,¢7 1) can
be acquired as

iL/gfs+Vth

47
Vi (47)

toff1 = R¢Ciss In

Stage 3 (t2~t3): According to the equivalent circuit shown in Figure 12¢, it can be
noted that the MOSFET enters the cutoff region, and the load current 7; charges the output
capacitance (Cpss = ng + Cy,) of the MOSFET. Thus, it can be obtained that

AVgs i
dt Coss (48)

This stage lasts until Vjy; reaches Vpc. Thus, the duration of this stage (t,¢7 ») can be
acquired as
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toffo = —Pe_ o (49)

It is obvious that t,, » is prolonged with the reduced load current. Although the ¢, FF1 18
shrunk with the reduced load current, it can be figured out that the total transient time
(Toff_transient) during the QZCS turn-off process will be increased with the reduced load
current because t,rr 1<<fyff 2.

|
i I
|
: Ll()ad
)

Toff_tmnsient = toff_l + toff_Z (50)

(b)

load

Ve ()

(c)
Figure 12. Equivalent circuits for turn-off stages in the QZCS case, (a) Stage 1, (b) Stage 2, (c) Stage 3.

Figure 13 shows the switching waveforms (including Vs and Vj;) of the power MOS-
FET in the normal and QZCS turn-off processes, which are in good accordance with the
above analysis. The switching time (To, and T,¢y) for the dead-time effect compensation
depends on the load current.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5 Vidiv

R —-— — —— — o — — 4 - —

ov

—

Time (250ns/div) Time (250ns/div)

(@ (b)

Figure 13. Switching waveforms in normal and QZCS turn-off processes: (a) Normal case (i;, =5 A).
(b) QZCS case (i;, = 0.5 A).



Electronics 2023, 12, 4855

16 of 28

3.3. Relationships between T,,/T, ff and Load Current

According to the switching process of the MOSFET elaborated above, the relationships
between T,,/T, ff and i} are summarized in Tables 1 and 2. In general, the T;, increases
with the increased i, and the T, Ff decreases with the increased i;. However, the relation-
ship between T¢o, and i cannot easily be acquired with the results listed in Tables 1 and 2
based on (31), because the variation in T, is contrary to that of T, ff with the varied i;.
As a result, the T,y should be obtained according to the specific values of Ty, and T, ff
measured with MPT, which is elaborated in the following section.

Table 1. Relationship between T, and iy .

Ton_del ay ton_1 ton 2 Ton?transi ent Ton

- T T T T

— denotes no obvious change with the increase in the load current iy ; T denotes increase with the increase in the

load current ij.

Table 2. Relationship between T, and if.

Normal Turn-Off QZCS Turn-Off
Toff_deluy Taff_transient Toff Toff_ﬂlelay vaf_l Toff_2 vaf_trunsient Toff
\: 1 1 1 T 1 1 1

1 denotes increase with the increase in the load current iy ; | denotes decrease with the increase in the load
current iy.

4. Switching Characteristic Evaluation of the MOSFET Based on the Multipulse Test
4.1. Principle of the MPT

A multipulse test (MPT) is implemented to evaluate the switching characteristics of
the power MOSFET in motor drives.

Figure 14a illustrates the scheme of the MPT circuit when load current if > 0. In this
case, Sar, SpH, and Scpy are turned off and Sp; and Sc; are turned on. S 4y is regulated by
the PWM signal. According to the principle of circuit theory, the scheme of the MPT can be
further simplified as the circuit shown in Figure 14c when i;, > 0. The rotation speed of
the motor is set to zero during the whole test process. The motor in this condition can be
considered an R-L load.

According to Figures 14d and 15, the following relationships can be obtained when
m-DT<t<(n—-14+pmT

di .
Lloud?j +Rp i (t) = Vpc

iL[(n — 1)T] = Imin

(51)

where [, is the minimum value of 7} in a complete switching period, and T refers to the
switching period. Similarly, (52) can be acquired when (n — 1+ py)T < t<nT.

di .
Lload?f + R - ZL(f) =0

iL[(n - 1+PH)T} = Imax

(52)

In which I;y means the maximum value of i} in a complete switching period, and py is
the duty factor. Thus, the following relationship can be acquired based on (51) and (52):
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Figure 14. Scheme of the MPT circuit when iy > 0, (a) Circuit of MPT, (b) Equivalent circuit 1 of MPT,
(c) Equivalent circuit 2 of MPT, (d) Equivalent circuit 3 of MPT.
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Figure 15. Typical waveform of the load current i} in MPT (i > 0).
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Then, it can be obtained that

. Vb —plpuT | V]
Imax = iL[(n =1+ p1) T] = (Inin — 2= )e Tioaa ™" 4 ZP€
Rp Ry (54)
_RL g
Imin = Z'L(nT) = Imaxe Lioad =T
Finally, the following relationship can be established:
_ R
Vpc(1—e )
Imax = R, T
RL(l — ei Lioaa )
% X (55)
Voc(e TP ¢ T
Inin = R g
RL(l —e Lioad )
The average load current during MPT can be calculated as
{L _ Imax + Imin ~ PH - VDC (56)

2 R

In the MPT, the MOSFET turns on when i; = I;;,, and it turns off when i} = [;;5y. In
this case, Vpc =12V, T =50 us, R; = 1.5R; = 16.5 mQ) (R;: stator resistance of the motor),
Ljoad = 1.5Ls = 105 uH (Ls: stator inductance of the motor), and the current deviation (AI)
between I,y and I, can be acquired based on (55). According to Figure 16, it is noted
that the maximum value of Al is no more than 1.5 A. Since the rated current in this work
is 80 A, the value of py is less than 0.11. It is obvious that Al is no more than 0.5 A when
if, varies from 0 to 80 A, which impacts the switching performance of the power MOSFET
slightly. Thus, the switching characteristic of the MOSFET with the varied load current can
be obtained with the duty factor (py) selected based on (56).

13 [ p—

b/ N\ |

Al (A)

03|t N

0.0 L L L L
00 02 04 06 0.8 1.0

Pu

Figure 16. Current deviation between I,y and I, when duty factor (og) varies from 0 to 1.

Figure 17a illustrates the scheme of the MPT circuit when the load current i, < 0. In
this condition, Sy and Scpy are turned on, and S4p, Sgr, and Sc;, are turned off. Sy; is
regulated by the PWM signal. According to the principle of circuit theory, the scheme of
the MPT can be further simplified as the circuit shown in Figure 17d when i;, < 0. Similarly,
the average value of the load current can be regulated by controlling the duty factor (op) of
the PWM signal for S 41, which can be expressed as

. v
sz_&%iE (57)
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Figure 17. Scheme of the MPT circuit when ij < 0, (a) Circuit of MPT, (b) Equivalent circuit 1 of MPT,
(c) Equivalent circuit 2 of MPT, (d) Equivalent circuit 3 of MPT.

4.2. Test Results of MPT

With the regulation of the duty factor p, the switching characteristics of the MOSFET
with the varied i} can be obtained. Figure 18 shows the switching waveforms of the
MOSFET during turn-on and turn-off transitions in a complete switching period of MPT
when ij =10 A. The values of Ton_delay, Ton_transients Toff_delays and Toff_transient can be
obtained accordingly. Table 3 summaries the measured Tyy,_geray, Ton_transients Toff_delay, and
Toff_transient based on MPT with the varied if.

Figure 19 illustrates the switching waveforms of Vg5 and Vs of the MOSFET during
the turn-off transition when i; = 80 A (the worst case in this work). It can be observed that
the turn-off time is about 200 ns. Normally, the dead time is set as 2 to 5 times the turn-off
time of the power MOSFET, which can ensure the safety and reliability of the motor drives.
As a result, the dead time is fixed as 1 ps in this work.
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T,

i 1
Time (100 ns/div)

(b)

Figure 18. The switching waveforms of the MOSFET during turn-on and turn-off transitions of the

MOSEET in a complete period of MPT when i; = 10 A: (a) Turn-on transition, (b) Turn-off transition.

0V |-

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5IVidiv

Tl‘lrn-(/jf time |
< >

Time (100 ns/div)

Figure 19. The switching waveforms of the MOSFET during turn-off transition when i = 80 A.

Table 3. Switching time of the power MOSFET with the varied load current.

i Ton_deluy Ton_transient Toff_deluy Toff_trunsient Ton Toff

PosiNeg () (ns) (ns) (ns) (ns) ms)  (ns)
0.3 71 44 4 122.8 668.4 1154 791.2

0.5 74.8 43.2 124 425.6 118 549.6

2 76 45.2 111.6 102.8 121.2 2144

>0 5 71.6 48.8 105.6 53.2 120.4 158.8
L 10 68.5 40.8 103.2 48 109.3 151.2
20 70.2 51.2 99.8 46.4 1214 146.2

40 66 57.2 96.4 44 123.2 140.4

80 68.4 91.2 83.6 424 159.6 126

0.3 78.8 36.8 124 638.8 115.6 791.2

0.5 74.8 36.4 128.8 449.2 113.6 549.6

2 76 38 114.8 101.6 113.2 2144

i <0 5 71.6 41.2 1144 49.2 120.4 158.8
L 10 70.4 41.2 107.6 44 .4 111.6 152
20 69.2 46.4 101.6 42 115.6 143.6

40 68.8 64.4 95.2 40 133.2 135.2

80 70.8 98 90.8 39.6 168.8 130.4

The detailed switching characteristics of the power MOSFET with the varied load
current are given in Figure 20. It can be clearly observed that the value of Ton_delay 18
around 70 ns, and Tyy_transient increases with improved ip. Meanwhile, both Ty¢¢ geray
and Tyff transient decrease with the increased ip. Obviously, the MPT results are in good
accordance with the analysis discussed in Section 3. Then, the compensation time T, can
finally be obtained by calculating (31) with the combination of the MPT results (see Table 3)
and linear interpolation method.
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Figure 20. The switching characteristics of the power MOSFET with the varied load current.
(a) Ton_delay/ (b) Ton?tmnsient/ (c) Toff_deluy/ (d) Toff_transient-

5. Experiment Verification
5.1. Experiment Bench

Figure 21 shows the experiment bench of the PMSM. The dynamo motor offers a
constant rotation speed (w;), and the test PMSM operates in the current control mode. A
12 V battery offers the dc power supply, and the phase current waveform of the PMSM
can be acquired with a combination of a current probe TCP0150 (20 MHz, 150 A) and
an oscilloscope with a high sampling rate (MSO34). In addition, the control unit of the
motor drives communicates with the host computer through the CAN bus. In this work,
a low-voltage Si MOSFET (IPC100N04S5 from Infineon, 40 V /100 A) is selected, and the
gate resistors are set to 20 () for the turn-on process and 10 Q) for the turn-off process. In
the test, the stator current iy is set to 10, 20, 40, and 80 A. Since L, = L, the iy = 0 control
strategy is adopted in this case. The rotation speed (w;) of the motor is set to 10, 30, and
50 rad/s. The parameters of the test motor are listed in Table 4.

Dyno Motor Test Motor Motor Drive Board

> A
Control Signal =
-
Sample Signal = Battery

Current Probe  CANoe Computer

Figure 21. Experiment Bench.
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Table 4. Parameters of the test motor.
Parameters Value Parameters Value
Stator d-axis inductance (L) 70 uH Number of pole-pairs (p) 4
Stator g-axis inductance (L) 70 uH Rated current (I;;,4x) 80 A
PM fux linkage () 0.006547 Wb DC bus voltage (Uy.) 12V
Stator resistance (R;) 11 mQ

5.2. Experiment Results

The dead time (Tj) is set as 1 us for the whole test. Figures 22-25 illustrate the time-
domain waveform of the phase current with and without the dead-time compensation
when i; =10, 20, 40, and 80 A and w, = 10, 30, and 50 rad/s. It is obvious that the current
distortion was significantly reduced with the dead-time compensation, especially in the
low modulation index (M;) region (low rotation speed with slight load). The impacts of
the dead-time effect become obvious in this case. As a result, the dead-time compensation
method seems more effective with a smaller M;. Meanwhile, the current distortion degrades
gradually with the increase in M;, whether the compensation is considered or not.

—— With Compensation T T
10 P —— With Compensation

With Compensation

S
T

Iphu\'z' (A)
Ip/m\c (A)

— Without Compensation —— Without Compensation ——Without Compensation

10 - b 10 - 4 10 -

[p/m.\'e (A)
] phase (A)

' [/7/111‘\0 (A)

0.0 0.2 0.4 0.6 0.00 0.05 0.10 0.15 0.00 0.05 0.10
Time (s) Time (s) Time (s)
(@) (b) (©

Figure 22. Time-domain waveform of the phase current with and without the dead-time compensa-
tion when i} =10 A, (a) wy = 10 rad/s, (b) wy =30 rad/s, (¢) wy =50 rad/s.

With Compensation T

——With Compensation T ——With Compensation

20

| |
T
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0.0 0.2 0.4 0.6 0.00 0.05 0.10 0.15 0.00 0.05 0.10
Time (s) Time (s) Time (s)
(@) (b) ()

Figure 23. Time-domain waveform of the phase current with and without the dead-time compensa-
tion when i} =20 A, (a) wy = 10 rad/s, (b) wy =30 rad/s, (c) w, =50 rad/s.
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Figure 24. Time-domain waveform of the phase current with and without the dead-time compensa-
tion when i} =40 A, (a) wy = 10 rad/s, (b) wy =30 rad/s, (c) wy =50 rad/s.
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Figure 25. Time-domain waveform of the phase current with and without the dead-time compensa-
tion when i} =80 A, (a) wy = 10 rad/s, (b) wy =30 rad/s, (c) wy =50 rad/s.

Figures 26-29 illustrate the spectrum of the phase current with and without the dead-
time compensation when i}, = 10, 20, 40, and 80 A and w, = 10, 30, and 50 rad /s, which
indicates that the 5th-, 7th-, and 11th-order harmonics were significantly reduced with the
proposed dead-time compensation method. However, the suppression of the harmonic
based on the compensation method degrades with the increased rotation speed in heavy
loads. It is noted that the 5th-order harmonic is only reduced by 14% with the dead-time
compensation method when i} = 80 A and w, = 50 rad /s, which can be attributed to the
harmonic characteristics of the PWM strategy. Usually, the space vector PWM (SVPWM)
is adopted in most cases. With the increased current and rotation speed, M; improves

accordingly. As stated in [36], the harmonics become serious when an increased M; once
SVPWM is adopted.
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Figure 26. Spectrum of phase current with and without the dead-time compensation when i; =10 A,

(a) wy =10rad/s, (b) wy =30rad/s, (c) wy =50 rad/s.
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Figure 27. Spectrum of phase current with and without the dead-time compensation when i =20 A,

(a) wy =10rad/s, (b) w, =30rad/s, (c) wyr =50 rad/s.
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Figure 28. Spectrum of phase current with and without the dead-time compensation when i =40 A,

(a) wy =10rad/s, (b) w, =30rad/s, (c) wr =50 rad/s.
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Figure 29. Spectrum of phase current with and without the dead-time compensation when i =80 A,

(a) wy =10rad/s, (b) w, =30rad/s, (c) wr =50 rad/s.

According to the spectrum of the phase current, the relationship between total har-
monic distortion (THD) value and variation in i; with different w, can be obtained (see
Figure 30). It can be noted that the THD value is 12.66% when the motor operates with
i =10 A and w, = 10 rad /s without dead-time compensation, which reflects the more
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serious current harmonics, as well as the torque ripples. With the dead-time compensation,
the THD value is reduced to 3.94%. As a result, the current harmonics, as well as the
torque ripple, can be reduced accordingly. On the contrary, the THD value is only 2.93%
when i} =80 A and w, = 10 rad /s without the dead-time compensation, and it reduces
to 0.85% with the dead-time compensation. It is noted that the dead-time compensation
can reduce the current harmonics as well as the torque ripples significantly in light load
operation. However, the suppression of the THD value reduces with the increased M;,
which can be attributed to the following reasons. For one thing, the dead-time effect is
reduced in the high modulation index region, which causes less serious distortion without
any compensation. It can be clearly observed that the THD value reduces by nearly 10%
when the current varies from 10 to 80 A without any compensation. Another reason is that
the THD value increases with the increased M; due to the performance of the SVPWM
strategy [36], which results in the reduced suppression effect.

Figures 31 and 32 illustrate the time-domain waveform and spectrum of the g-axis
current with and without the dead-time compensation when i; = 80 A (rated torque) and
wy =50rad/s, as well as when ij =40 A (half rated torque) and w, = 10 rad/s. It is obvious
that the 6th-order harmonics in the g-axis current have been largely reduced, which is also
critical to the torque ripples.
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Figure 30. Relationship between THD value and variation in the stator current with different rotation
speeds: (a) w, =10 rad/s. (b) w, = 30 rad/s. (c) w, =50 rad/s.
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Figure 31. Time-domain waveform of the g-axis current and its spectrum when iy = 80 A and
wy =50 rad/s: (a) Time-domain waveform, (b) Spectrum.
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Figure 32. Time-domain waveform of the g-axis current and its spectrum when i; = 40 A and
wy =10 rad/s: (a) Time-domain waveform, (b) Spectrum.

Figure 33 summarizes the impacts of the dead-time compensation method on the
6th-order harmonic in the g-axis current. It can be noted that the 6th-order harmonic was
effectively suppressed whether the M; was large or small, which resulted in alleviated
torque ripples, as well as reduced high-order noise.
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Figure 33. Impacts of the dead-time compensation method on 6th-order harmonic in g-axis current
when i; =10, 20, 40, and 80 A: (a) wy = 10 rad/s, (b) w, =30 rad/s, (c) w; =50 rad/s.

6. Conclusions

In this paper, a dynamic dead-time compensation method is proposed based on the
switching characteristic of the power MOSFET for a PMSM drive system. Compared with
other methods, the proposed method is focused on the switching characteristics of the
power MOSFET, which directly determines the value of the compensation time. In addition,
the relationship between the switching time of the MOSFET and the load current was
comprehensively elaborated and verified effectively based on the multipulse test, which is
critical for acquiring a suitable compensation time. According to the relative experiment
results, the following can be confirmed:

¢ The proposed compensation method shows a perfect performance in current distortion
suppression with a low modulation index. With the increased modulation index, the
dead-time effect is reduced, which makes the suppression of the current distortion not
apparent;

¢  The proposed compensation method reduces the 5th-, 7th-, and 11th-order harmonics
significantly in the low modulation index region, as well as the THD values. However,
the reduction ratio of the harmonics and the THD values degrades with the increased
modulation index, which can mainly be attributed to the harmonic characteristics of
the SVPWM strategy adopted in the motor drives;

*  The proposed compensation method can alleviate the 6th-order harmonic in the g-axis
current, whether the modulation index is large or small. As a result, reduced torque
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ripples, as well as attenuated high-order noises, can be achieved, which is essential for
enhancing the performance of the motor drives.
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