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Abstract: The ever-increasing demands on the efficiency and power density of power electronics
converters lead to the replacement of traditional silicon-based components with new structures.
One of the promising technologies represents devices based on Gallium-Nitride (GaN). Compared
to silicon transistors, GaN semiconductor switches offer superior performance in high-frequency
converters, since their fast switching process significantly decreases the switching losses. However,
when used in hard-switched converters such as voltage-source inverters (VSI) for motor control
applications, GaN transistors increase the power dissipated due to the current conduction. The
loss increase is caused by the current-collapse phenomenon, which increases the dynamic drain-
source resistance of the device shortly after the turn-on. This disadvantage makes it hard for
GaN converters to compete with other technologies in electric drives. Therefore, this paper offers
a purely software-based solution to mitigate the negative consequences of the current-collapse
phenomenon. The proposed method is based on the minimum pulse length optimization of the
classical 7-segment space-vector modulation (SVM) and is verified within a field-oriented control
(FOC) of a three-phase permanent magnet synchronous motor (PMSM) supplied by a two-level GaN
VSI. The compensation in the control algorithm utilizes an offline measured look-up table dependent
on the machine input power.

Keywords: GaN; frequency converter; current-collapse; loss optimization; PMSM

1. Introduction

Due to emerging legislation and growing societal demands in many countries world-
wide, the requirements for the efficiency of electrical equipment are constantly increasing.
This trend is also driven by the ongoing boom in electromobility, where it is essential to
achieve a high power density of the onboard and offboard electronic components. Therefore,
in the field of power electronics and electric drives, significant effort is put into developing
more efficient and compact devices and converters.

The design of small and highly efficient power converters for electric motors demands
wide bandgap semiconductors such as those based on Silicon Carbide (SiC) and Gallium
Nitride (GaN). Due to a significant reduction in switching losses, GaN-based transistors
offer superior performance in high-frequency hard-switched converters than silicon tran-
sistors [1,2]. For these advantages, they are also starting to be used in electrical drives [3].
On the other hand, GaN devices also bring a few problems and challenges to the converter
design and control stage. One of them is a current-collapse phenomenon that increases the
conduction losses of power converters [4].

By the current-collapse, we mean resistance variations of the conductivity channel
shortly after the transistor has been turned on [5]. This variation is caused by trapped
charges at the gate electrode of the GaN transistor structure in the off-state [6]. The amount
of trapped charge is then dependent mainly on the DC-link voltage as reported in [7]
for p-doped GaN. In hard-switched converters, this phenomenon increases total losses
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approximately two times, meaning that the converter heatsink system needs to be designed
for double the dissipated power than what corresponds to the datasheet parameters.
This disadvantage often leads to the deployment of GaN transistors in small and low-
power applications rather than electric drives (which are dominated by hard-switched
converters) [8,9].

Various papers try to model the current-collapse in GaN structure [10,11] to better
comprehend its behavior with respect to the operating conditions, such as the transistor
blocking voltage [12]. The phenomenon is also being extensively measured on various
structures too [13,14]. There are also current-collapse-free GaN transistors under devel-
opment [15–17]. However, presently available GaN devices still exhibit the deteriorated
behavior caused by the increased on-state resistance. For instance, the current-collapse
of the common GS66516 transistor, which is also utilized in this paper, was thoroughly
investigated in [18].

Several approaches to reducing the losses caused by the current-collapse phenomenon
have been proposed in the literature. Most solutions are based on hardware (HW) modifi-
cation, with the most significant being the utilization of soft switching [19]. However, this
technique complicates the converter circuit and usually doubles the number of transistors
and inductors [20].

Generally, when speaking about specific problems connected with power electronic
converters, software-based solutions are always preferred over hardware ones, since hard-
ware solutions complicate the resulting circuitry and increase the cost and volume of the
converter. Therefore, this paper strives to present a simple approach that mitigates the
current-collapse losses of hard-switched three-phase two-level voltage-source GaN invert-
ers (VSI). The solution is based on the author’s static measurements [21] and utilizes the
classical 7-segment space-vector pulse-width modulation (SVPWM) modified to omit short
gate pulses when the reference vector approaches the voltage limit. The presented control
algorithm operates with optimum modulation based on an offline measured look-up table
(LUT) over the whole power range of the drive. The proposed method is suitable mainly for
basic control strategies that do not need the knowledge of the stator voltage vector within
the control algorithm (e.g., position sensor-based control with the direct transformation of
the measured currents) since it brings voltage distortion at high modulation index values.
The presented approach is validated within a field-oriented control (FOC) of a 0.5 kW
permanent magnet synchronous motor (PMSM) drive fed by GaN VSI.

2. Theoretical Analysis

The three-phase VSI in Figure 1. is a hard-switched type of converter. Each time one
transistor in one leg is turned on and the other is turned off, a blocking voltage equal to the
DC-link voltage is present across the non-conducting transistor.
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Due to this type of operation (i.e., switching during “high” blocking voltage), the
GaN transistor suffers from the current-collapse phenomenon, which causes higher state
resistance right after each turn-on process [12]. The resistance increase depends on the
blocking voltage, current polarity, and gate pulse length [13]. The behavior of dynamic
on-state resistance RDSon with respect to blocking voltage VDS and time is illustrated
in Figure 2.
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Figure 2. Current-collapse effect on on-state resistance.

In Figure 2, the transistor is turned on at the beginning with the static RDSon value.
After the transistor is turned off and a blocking voltage of a certain level for a certain
amount of time is applied across the transistor, the following turn-on process increases the
dynamic RDSon because of the trapped charges around the gate that lead to the channel
resistance increase. The resistance stays at a relatively high value until the parasitic charge
is depleted. The dynamic RDSon is then dependent on the blocking voltage level to which
the transistor structure is exposed. The situation is illustrated within the second pulse in
Figure 2. When the turn-on duration is short, there is not enough time for the trapped
charges to be removed, and dynamic RDSon becomes significantly higher as shown by
the last two pulses in Figure 2. The most significant part of the additional resistance is
the channel’s resistance, which is based on the volt-ampere characteristic of the transistor.
Concerning the channel’s current ich, it is usually expressed in the literature as [8]

ich = gm(VGS −Vth) (1)

where gm is the device transconductance, VGS applied gate voltage from the driver, and
Vth the threshold voltage. During the current-collapse, both gm and Vth are affected when
the structure is exposed to a higher blocking voltage before the turn-on process. The
transconductance is decreased, and the gate threshold is biased to a higher value. As a
consequence, the transistor acts as it would receive a gate pulse of an insufficient voltage
level (i.e., as it would work in a linear mode).

The contribution of the RDSon resistance to the conduction losses can then be analyti-
cally expressed as

Pcond = RDSon·i2DS, (2)

Pcond =
1
T

N

∑
i=0

RDSon(i)·i2DS(i)·ton(i), (3)

where T is switching period, N number of pulses per period, RDSon(i) on-state resistance
during the pulse, iDS(i) current through the transistor, ton(i) the turn-on time for which the
power losses are calculated.
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The problems, their causes, and the possible solutions connected with the current-
collapse phenomenon are described briefly in Figure 3. Soft switching is a very effective
method for decreasing the conduction losses; however, it requires additional hardware to
be added to the converter, approximately doubling the resulting number of transistors. The
blocking voltage regulation can also mitigate the effect of current-collapse. However, it
requires the possibility of changing the VSI DC-link voltage value, which may result in the
presence of an additional converter. This technique is sometimes used to decrease motor
losses when the drive works with variable load and under variable speed conditions [22].
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Decreasing the switching frequency is often used in medium- and high-power silicon-
based converters to minimize the switching losses. However, in the case of GaN converters,
it is generally desirable to keep the switching frequency constant and as high as possible
to fully utilize the potential of the GaN devices (i.e., benefits such as easy filtering and
smoothing of the motor current waveform by the motor leakage inductance) [23].

Following the above analysis, the motivation is to avoid the converter topology modi-
fication and the reduction of the switching frequency. Therefore, the solution that will be
described in more detail in the following sections is purely software-based and utilizes the
modification of the SVPWM pattern along with the omission of short pulses.

2.1. Space-Vector Modulation with Minimum Pulse Limitation

SVPWM is a popular modulation strategy that is extensively used in the field of electric
drives. In a linear mode, it maximizes the DC-link voltage utilization, i.e., increases the
modulation index compared to other modulation types while keeping undistorted sinu-
soidal waveforms of the motor line-to-line voltages [24]. Mathematically, the modulation
can be written as

vA > vB > vC or vC > vB > vA



dA =
(vA − vC)

2vDC

dB =
(2vB − vA − vC)

2vDC

dC =
(vC − vA)

2vDC

, (4)
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vB > vA > vC or vC > vA > vB



dA =
(2vA − vB − vC)

2vDC

dB =
(vB − vC)

2vDC

dC =
(vC − vB)

2vDC

, (5)

vA > vC > vB or vB > vC > vA



dA =
(vA − vB)

2vDC

dB =
(vB − vA)

2vDC

dC =
(2vC − vA − vB)

2vDC

, (6)

where dA, dB, dC are modulator output duty cycles (i.e., the values that are compared with
the triangular carrier signal) and vA, vB, vC are the three-phase voltages demanded by the
superior control system, and vDC is the DC-link voltage. Figure 4a shows the duty cycle dA,
dB, dC of each inverter leg including the sinusoidal output dA − dB which represents the
relative output voltage between phases A and B.
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For the reduction of the current-collapse conduction losses, the SVPWM is modified
to exclude short pulses of given time duration. The situation is depicted in Figure 4, which
shows the duty cycle waveforms in a linear mode (Figure 4a) and with the 5% percent
pulse limitation (Figure 4b).

The duty cycle is equally limited in all the output phases. Depending on the limiting
value dlimit, the modulation is adjusted as

d′x =


dx . . . if dx > dlimit
0 . . . if dx < dlimit

1 . . . if (1− dx) < dlimit

x = A, B, C. (7)

Unfortunately, the technique of short pulse reduction results in the deformation of
the motor voltage. The voltage vector deformation is shown in Figure 5a for the case of a
stationary αβ reference frame and in Figure 5b for the case of a synchronous dq reference
frame. However, because only the basic sensored FOC is considered, the current controllers
compensate for this distortion by adjusting the reference d and q-axis components.
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2.2. Drive Losses Analysis

If the power balance of the DC-link voltage source is neglected, the total drive losses
can be divided into converter and motor losses. Limiting the minimum pulse length
decreases the losses caused by the current-collapse and increases the motor losses. The
increase in motor losses is caused mainly by the additional iron losses since the voltage
distortion introduces the current distortion, leading to distorted flux density distribution
in the machine core [25]. Therefore, the aim is to find an optimum minimum pulse length
that mitigates the negative influence of current-collapse and, at the same time, does not
significantly increase the machine losses. The situation is depicted in Figure 6.
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2.3. PMSM Control Strategy

The block diagram of the PMSM control scheme used within the experimental part is
depicted in Figure 7. The scheme is based on the traditional FOC, where the machine torque
is controlled by the q-axis and the machine flux by the d-axis current component. The
transformation angle between the stationary αβ and the synchronous dq system attached
to the rotor permanent magnet is measured using an incremental encoder. Also, strictly
for measuring purposes, a speed controller superior to the q-axis current controller is



Electronics 2022, 11, 1503 7 of 15

implemented. The speed controller is also used to calculate the d-axis current reference in
the field-weakening region according to the strategy presented in [26]. In the base-speed
region, the d-axis current reference is set to zero which is not explicitly shown in Figure 7
(the machine is a surface-mounted magnet type).
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The reference voltage vector demanded by the current controllers is transformed into
the three-phase system and fed to the modulator. The modulator output then enters the
pulse-limiting block. The limiting value is derived from a LUT based on motor active
power, calculated as

P =
3
2
(
id·vd + iq·vq

)
, (8)

where id and iq are the d- and q-axis stator current vector components, respectively, and
ud and uq are the d- and q-axis stator voltage vector components, respectively. The LUT
is experimentally measured with respect to the machine input power, since increased
mechanical power on the shaft means increased motor speed and, therefore, higher supply
voltage (i.e., higher modulation index) with shorter gate pulses. Thus, in Figure 7, the
voltage components reconstructed from the adjusted duty cycles are used for the motor
input power calculation since, due to the voltage distortion introduced by the proposed
method, the outputs from the current controllers differ from the actual voltage applied to
the motor terminals.

3. Experimental Results

A picture of the experimental setup is shown in Figure 8. The workplace consists of a
custom GaN VSI, two identical mechanically coupled PMSMs, a regulated DC supply, and
a resistive bank used for the PMSM generator loading.
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Figure 8. Experimental workplace.

3.1. Experimental Setup

Figure 9 shows a simplified block diagram of the experimental setup. The VSI is based
on six GS66516B GaN transistors with Si8275 isolated half-bridge drivers. Machine phase
current is measured by two TMCS1100 isolated hall-effect current transducers designed to
operate with low DC offset with an internal compensation circuit. The utilized controller is
ARM Cortex M4 MCU STM32F334 is equipped with an HRTIM peripheral—a 16-bit timer
with up to 217 ps resolution available for the duty cycle adjustment. The VSI operates at a
switching frequency of 100 kHz. Data are sampled, and the control algorithm is calculated
at 25 kHz.
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Figure 9. Simplified schematic diagram of the experimental setup.

A 500 W four-pole PMSM with an incremental encoder for the rotor position measure-
ment is connected directly to the VSI. The motor is coupled to a second identical machine
loaded by variable resistors, which serves as a load. The motor and generator nameplate
data and model parameters are listed in Table 1.
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Table 1. Motor and generator/brake parameters.

Motor/Generator

Type USAREM-05CFJ11
RPM 3000

Power [W] 500
Max voltage [V] 200
Max current [A] 3.6

Stator resistance [Ω] 1.63
d-axis inductance [mH] 10.3
q-axis inductance [mH] 10.9

3.2. Pulse Length Limiting

Figure 10 shows the waveforms of the reference duty cycles and resulting machine
phase currents for multiple values of pulse limitation. The nominal duty cycle of 100%
is considered a theoretical maximum in a linear modulation region. The pulse limitation
process leads to the distortion of the reference duty cycle, which then contributes to the
voltage vector trajectory distortion, as shown earlier in Figure 5. For high values of pulse
limitation, the duty cycle practically approaches a trapezoidal waveform. However, since
the switching frequency is very high, the voltage distortion only slightly contributes to the
current distortion.
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phases “a” and “b”, respectively.
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3.3. Current-Collapse Losses Minimization

Because the DC-link voltage is kept at a constant value of 100 V by the regulated
DC supply, the current drawn from the DC source directly contributes to the power
consumption. Therefore, the DC-link input current was measured for multiple drive-
operating points and pulse-limiting values to assess the energy saved by the proposed
method. Since both the PMSMs (motor and generator) are manufactured as servo drives,
100 V supply voltage was chosen with respect to the mechanical limits of the system so the
PMSM drive could work in the base-speed region as well in the field-weakening region
within its nominal RPM.

The recorded data are depicted in Figure 11. Figure 11a,b shows measurements for
a motoring operation in the base-speed region. Figure 11c then corresponds to the field-
weakening region. As expected, the DC-link current increases with the motor speed and
lower load resistance.
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Figure 11. Input DC-link current measured at different load at (a) 1500 RPM, (b) 2000 RPM, and
(c) 2500 RPM; Idc denotes the input DC-link current.

To give a better insight into the shape of the measured waveforms and the minima’s
position, Figure 12 is converted into a per-unit system. The base value is different for each
reference speed and corresponds to the DC-link current drawn without pulse limitation.
The results are then shown in Figure 12.
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In Figure 12a, the motor load is low, resulting in a significant increase in the drive
losses when the pulse length limit greater than 10% is applied. Because the output power
is also low, the decrease in converter losses is lower than the increase in motor losses due
to the current distortion. Figure 12b shows that a more pronounced local minimum exists
in the DC-link current for a specific pulse-length limit at higher speeds, since the voltage
margin of the inverter decreases (more voltage is needed to counter the back-electromotive
force) and, therefore, the reference voltage vector moves closer to the hexagon boundary.

In Figure 12c, the machine is operated in a field-weakening region. In this case, the
local minima do not exist in the DC-link current waveforms. The cause of this behavior is
that the modulation index, which is increased due to the pulse-length limiting, lowers the
d-axis current, which results in a decrease in motor phase RMS current value. The reduction
of stator ohmic losses in the field-weakening region is more significant than the core losses;
therefore, the curves have a continuously decreasing tendency.

Overall, it can be stated that the proposed method is most effective when the reference
speed approaches the boundary between the base-speed and field-weakening region and
the load is low. The relative decrease in the consumed power is 2 to 3% in such a case.
For lower speed, the maximum power savings are around 1% in the case of a low-load
operation and are almost negligible for a high-load operation. Finally, it can be stated that
the method lacks effectivity in the field-weakening region since, here, the local minima
practically do not exist. The curves have a continuously descending tendency, but the
decrease in current consumption, as explained above, is not caused by the mitigation of the
current-collapse phenomenon.

As a final stage of the experiments, a LUT was determined for a variable inverter
output power. During this measurement, the motor was running at 2000 RPM, and the
load was varied in steps from 10% to 100% of the nominal torque. Again, the GaN VSI was
supplied by 100 V DC. The results are depicted in Figure 13. It has been found that the
discrete measured values can be relatively accurately fitted to a polynomial function in
the form

y = ax3 − b x2 + cx, (9)

where a, b, and c are parameters to be determined. The fitting process was done using
Wolfram Mathematica, and the found values are a = 8.102, b = 24.74, and c = 28.79.
Therefore, since the calculation of (9) is not too computationally demanding for the real-
time control, the analytical expression has been used in the control algorithm for the
current-collapse loss mitigation instead of the LUT that is indicated in Figure 7. The
resulting compensation function is given by the formula

dlimit = 28.79 P− 24.74 P2 + 8.102 P3 (10)

where P is the per-unit inverter output power calculated from (5) with the base value equal
to the motor input power when the speed is set to 2000 RPM, and the machine is loaded by
its nominal torque. The new value of dlimit is updated every 100 ms since the calculated
power needs to be averaged. Furthermore, it has been experimentally found that a lower
update period could affect the stability of the current control loops.

A direct comparison of the measured input DC-link current for operating points
corresponding to minima in Figure 12 for 1500 RPM and 2000 RPM is presented in Table 2.

The data compares the DC-link current consumption for the case of non-limited and
limited duty-cycle. The drive losses are decreased on average by 2% at 2000 RPM, which
can be seen as a “nominal speed” for the utilized DC-link voltage value. At 1500 RPM,
the loss decrease is not significant because the converter operates with a reference voltage
vector that is relatively far from the voltage hexagon boundary.

To visualize the proposed method’s merits directly, infrared (IR) camera pictures of
the inverter were taken. The reference machine speed was set to 2000 RPM, and the load
resistance for the PMSM generator was selected as 25 Ω. As a prerequisite for the measure-
ment, the drive was running for some time with the compensation function (Equation (10))
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enabled until the temperature stabilized. Then, the compensation function was disabled,
and once the temperature stabilized again, Figure 14a was taken.
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Table 2. DC-link current measurement.

Speed Load DC-Link Current [A] Loss Decreased

RPM Ω Limit = 0 Look Up Table %

1500

200 0.4020 0.3990 0.75
100 0.5051 0.5030 0.42
50 0.7162 0.7120 0.59
33 0.9225 0.9170 0.60

2000

200 0.5730 0.5570 2.87
100 0.7470 0.7280 2.61
50 1.095 1.072 2.15
33 1.446 1.418 1.97
25 1.771 1.738 1.90
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Figure 14. Infrared camera measurement at 2000 RPM and Rload = 25 Ω (a) without pulse length
limitation and (b) with pulse length limitation.

After that, the compensation function was enabled again, and after reaching a thermal
steady-state, Figure 14b was taken. It can be seen that the steady-state temperature of the
hottest point on the inverter dropped by 6 ◦C when the proposed method of the current-
collapse loss minimization was applied. Figure 15 then shows the converter board in detail.
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The GaN transistors are cooled using vias through the board with the heatsink mounted on
the bottom side.
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4. Discussion

In this paper, GaN-based converter losses caused by the current-collapse phenomenon
and their mitigation, respectively, were investigated. It was explained that the additional
losses are caused by increased dynamic on-state resistance, which depends on the pulse
length in the utilized modulation strategy. Following this, the SVPWM of a three-phase
VSI driving a PMSM in a basic FOC loop was adjusted by limiting the minimum pulse
for the GaN gate drivers. It was found that the modulated voltage distorted by the
pulse length limiting lowers the current-collapse losses and, at the same time, causes
additional machine losses because current distortion is introduced. Since both the converter
and motor losses depend on the duty cycle limit value, optimal minimum pulse length
corresponding to minimum consumed power for a given steady-state operating point can
be determined. Moreover, it was experimentally observed that the optimum limiting duty
cycle value depends on the converter input power. Therefore, a compensation function was
implemented within the motor control algorithm to set the duty cycle limit with respect to
the actual VSI input power calculated from the motor currents and voltages.

The amount of saved power was indirectly assessed by measuring the DC-link input
current to the VSI driving a PMSM at a given speed into a variable load. The consumed
DC-link current of a “clean” SVPWM (i.e., duty cycle limit set to zero) was compared to
the input current corresponding to multiple duty cycle limiting values. The loss decrease
thanks to the pulse length limiting was found to be dependent on the motor operating
point. At low speed, the loss decrease is small due to relatively low reference voltage
vector magnitude, which causes the pulse length limiting technique to be inefficient. When
the motor operates in the field-weakening region at high speeds by setting a negative
d-axis current, there is no local minimum corresponding to the optimal limiting duty cycle.
Therefore, the method is not effective during field weakening.

A significant loss decrease was observed around a “nominal speed” for a given DC-
link voltage where the reference voltage vector within the SVPWM approaches the voltage
hexagon boundaries. Since this operating point is typical for PMSM deployed in non-
traction applications such as pumps or servo drives, the authors believe that the proposed
method could significantly decrease the power consumption for specific drives used in
industry or household applications. Furthermore, another advantage of the presented
method is that it is purely software-based and can be easily implemented into the control
algorithm using a simple LUT or computationally undemanding analytical function.



Electronics 2022, 11, 1503 14 of 15

Author Contributions: Conceptualization, P.S., O.L. and J.L.; methodology, P.S. and J.L.; software,
P.S.; validation, P.S.; formal analysis, P.S. and O.L.; investigation, P.S. and O.L.; resources, P.S.; data
curation, P.S.; writing—original draft preparation, P.S.; writing—review and editing, O.L. and J.L.;
visualization, P.S.; supervision, J.L.; project administration, J.L.; funding acquisition, P.S. and O.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Student Grant Competition of the Czech Technical
University in Prague under grant numbers SGS20/164/OHK3/3T/13 and SGS21/116/OHK3/2T/13.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Deboy, G.; Treu, M.; Haeberlen, O.; Neumayr, D. Si, SiC and GaN power devices: An unbiased view on key performance indicators.

In Proceedings of the 2016 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 3–7 December 2016.
2. Shirabe, K.; Swamy, M.M.; Kang, J.; Hisatsune, M.; Wu, Y.; Kebort, D.; Honea, J. Efficiency Comparison Between Si-IGBT-Based

Drive and GaN-Based Drive. IEEE Trans. Ind. Appl. 2014, 50, 566–572. [CrossRef]
3. Ding, X.; Zhou, Y.; Cheng, J. A review of gallium nitride power device and its applications in motor drive. CES Trans. Electr. Mach.

Syst. 2019, 3, 54–64. [CrossRef]
4. Cai, Y.; Forsyth, A.J.; Todd, R. Impact of GaN HEMT dynamic on-state resistance on converter performance. In Proceedings of the

2017 IEEE Applied Power Electronics Conference and Exposition (APEC), Tampa, FL, USA, 26–30 March 2017.
5. Joh, J.; Alamo, J.A.; Jimenez, J. A Simple Current Collapse Measurement Technique for GaN High-Electron Mobility Transistors.

IEEE Electron Device Lett. 2008, 29, 665–667. [CrossRef]
6. Vetury, R.; Zhang, N.Q.; Keller, S.; Mishra, U.K. The impact of surface states on the DC and RF characteristics of AlGaN/GaN

HFETs. IEEE Trans. Electr. Devices 2001, 48, 560–566. [CrossRef]
7. Li, R.; Wu, X.; Xie, G.; Sheng, K. Dynamic on-state resistance evaluation of GaN devices under hard and soft switching conditions.

In Proceedings of the 2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San Antonio, TX, USA, 4–8 March 2018.
8. Li, K.; Videt, A.; Idir, N.; Evans, P.; Johnson, M. Experimental Investigation of GaN Transistor Current Collapse on Power

Converter Efficiency for Electrical Vehicles. In Proceedings of the 2019 IEEE Vehicle Power and Propulsion Conference (VPPC),
Hanoi, Vietnam, 14–17 October 2019.

9. Do Van Thang, T.; Trovao, J.P.F.; Li, K.; Boulon, L. Wide-Bandgap Power Semiconductors for Electric Vehicle Systems: Challenges
and Trends. IEEE Veh. Technol. Mag. 2021, 16, 89–98. [CrossRef]

10. Koudymov, A.; Shur, M.S.; Simin, G. Compact Model of Current Collapse in Heterostructure Field-Effect Transistors. IEEE
Electron Device Lett. 2007, 28, 332–335. [CrossRef]

11. Zagni, N.; Chini, A.; Puglisi, F.M.; Pavan, P.; Verzellesi, G. On the Modeling of the Donor/Acceptor Compensation Ratio
in Carbon-Doped GaN to Univocally Reproduce Breakdown Voltage and Current Collapse in Lateral GaN Power HEMTs.
Micromachines 2021, 12, 709. [CrossRef] [PubMed]

12. Videt, A.; Li, K.; Idir, N.; Evans, P.; Johnson, M. Analysis of GaN Converter Circuit Stability Influenced by Current Collapse
Effect. In Proceedings of the 2020 IEEE Applied Power Electronics Conference and Exposition (APEC), New Orleans, LA, USA,
15–19 March 2020.

13. Tzou, A.-J.; Hsieh, D.-H.; Chen, S.-H.; Liao, Y.-K.; Li, Z.-Y.; Chang, C.-Y.; Kuo, H.-C. An Investigation of Carbon-Doping-Induced
Current Collapse in GaN-on-Si High Electron Mobility Transistors. Electronics 2016, 5, 28. [CrossRef]

14. Li, X.; Posthuma, N.; Bakeroot, B.; Liang, H.; You, S.; Wu, Z.; Zhao, M.; Groeseneken, G.; Decoutere, S. Investigating the Current
Collapse Mechanisms of p-GaN Gate HEMTs by Different Passivation Dielectrics. IEEE Trans. Power Electron. 2021, 36, 4927–4930.
[CrossRef]

15. Tanaka, K.; Morita, T.; Umeda, H.; Tamura, S.; Ishida, H.; Ishida, M.; Ueda, T. Mechanism of Current-Collapse-Free Operation in
E-Mode GaN Gate Injection Transistors Employed for Efficient Power Conversion. In Proceedings of the 2016 IEEE Compound
Semiconductor Integrated Circuit Symposium (CSICS), Austin, TX, USA, 23–26 October 2016.

16. Yang, J.X.; Lin, D.J.; Wu, Y.R.; Huang, J.J. Deep Source Metal Trenches in GaN-On-Si HEMTs for Relieving Current Collapse. IEEE
J. Electron Devices Soc. 2021, 9, 557–563. [CrossRef]

17. Lin, W.; Wang, M.; Sun, H.; Xie, B.; Wen, C.P.; Hao, Y.; Shen, B. Suppressing Buffer-Induced Current Collapse in GaN HEMTs with
a Source-Connected p-GaN (SCPG): A Simulation Study. Electronics 2021, 10, 942. [CrossRef]

18. Martínez, P.J.; Maset, E.; Martín-Holgado, P.; Morilla, Y.; Gilabert, D.; Sanchis-Kilders, E. Impact of Gamma Radiation on Dynamic
RDSON Characteristics in AlGaN/GaN Power HEMTs. Materials 2019, 12, 2760. [CrossRef] [PubMed]

19. Joh, J.; Tipirneni, N.; Pendharkar, S.; Krishnan, S. Current collapse in GaN heterojunction field effect transistors for high-voltage
switching applications. In Proceedings of the 2014 IEEE International Reliability Physics Symposium, Waikoloa, HI, USA,
1–5 June 2014.

20. Pereira, T.; Liserre, M.; Krischan, K.; Muetze, A. Minimizing Losses Induced by Parasitic Winding Capacitance in Electric Drives
by Means of Soft-Switching GaN-Based ARCP. In Proceedings of the 2020 IEEE Energy Conversion Congress and Exposition
(ECCE), Detroit, MI, USA, 11–15 October 2020.

http://doi.org/10.1109/TIA.2013.2290812
http://doi.org/10.30941/CESTEMS.2019.00008
http://doi.org/10.1109/LED.2008.2000919
http://doi.org/10.1109/16.906451
http://doi.org/10.1109/MVT.2021.3112943
http://doi.org/10.1109/LED.2007.895389
http://doi.org/10.3390/mi12060709
http://www.ncbi.nlm.nih.gov/pubmed/34208780
http://doi.org/10.3390/electronics5020028
http://doi.org/10.1109/TPEL.2020.3031680
http://doi.org/10.1109/JEDS.2021.3078522
http://doi.org/10.3390/electronics10080942
http://doi.org/10.3390/ma12172760
http://www.ncbi.nlm.nih.gov/pubmed/31466249


Electronics 2022, 11, 1503 15 of 15

21. Skarolek, P.; Frolov, F.; Lettl, J. GaN Based Inverter Current-Collapse Behavior with Switching Frequency and Blocking Voltage.
In Proceedings of the 2021 International Conference on Applied Electronics (AE), Pilsen, Czech Republic, 7–8 September 2021.

22. Karlovsky, P.; Lipcak, O.; Bauer, J. Iron Loss Minimization Strategy for Predictive Torque Control of Induction Motor. Electronics
2020, 9, 566. [CrossRef]

23. Ohta, K. Variable Switching Frequency Control for Efficiency Improvement of Motor Drive System by Using GaN Three Phase
Inverter. In Proceedings of the 2020 IEEE International Conference on Industrial Technology (ICIT), Buenos Aires, Argentina,
26–28 February 2020.

24. Yu, G.; Zhang, Y.; Li, Y. Research of DSP-Based SVPWM Vector Control System of Asynchronous Motor. In Proceedings of the
2012 International Conference on Computer Science and Electronics Engineering, Hangzhou, China, 23–25 March 2012.

25. Yang, G.; Zhang, S.; Zhang, C. Analysis of Core Loss of Permanent Magnet Synchronous Machine for Vehicle Applications under
Different Operating Conditions. Appl. Sci. 2020, 10, 7232. [CrossRef]

26. Zhou, K.; Ai, M.; Sun, D.; Jin, N.; Wu, X. Field Weakening Operation Control Strategies of PMSM Based on Feedback Linearization.
Energies 2019, 12, 4526. [CrossRef]

http://doi.org/10.3390/electronics9040566
http://doi.org/10.3390/app10207232
http://doi.org/10.3390/en12234526

	Introduction 
	Theoretical Analysis 
	Space-Vector Modulation with Minimum Pulse Limitation 
	Drive Losses Analysis 
	PMSM Control Strategy 

	Experimental Results 
	Experimental Setup 
	Pulse Length Limiting 
	Current-Collapse Losses Minimization 

	Discussion 
	References

