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    Abstract- Silicon carbide (SiC) modules are increasingly 

adopted in high power applications, where paralleling multiple 

modules is a common practice to achieve high current carrying 

capability. This, however, leads to unbalanced current sharing 

among the paralleled modules. Active gate driver (AGD) can 

regulate switching behavior of MOSFETs, which has been widely 

studied to solve the unbalanced current issue among paralleled 

SiC MOSFETs. An AGD control method targeted at mitigating 

steady unbalanced current among paralleled SiC MOSFETs is 

proposed in this brief. The equivalent on-state drain-to-source 

resistance of paralleled MOSFETs is regulated by applying pulse 

width modulation (PWM) between two voltage rails in the AGD 

to compensate parameter mismatches causing steady-state 

unbalanced current. The proposed AGD can also eliminate the 

transient unbalanced current by manipulating the delay between 

the devices in parallel.  Comprehensive double pulse tests were 

conducted to validate the effectiveness of the proposed method. 

Extensive loss analysis has been performed to highlight the 

ability of the proposed AGD to achieve evenly loss distribution 

among modules under different case temperatures and DC bus 

voltages. The proposed AGD current balancing method is 

straightforward to implement but was proven to effectively 

address the current issues among the paralleled SiC modules. 

I.  INTRODUCTION 

Silicon carbide (SiC) MOSFETs are gaining popularity due 

to their distinctive advantages such as fast switching speed and 

low switching losses. In high power applications, paralleling 

multiple modules is a common practice for higher current 

capability. Due to parameter mismatches among paralleled 

SiC modules, unbalanced current can often be observed, 

which leads to over current and/or over temperature issues, 

thus poses significant challenges to system reliability [1].  

Active gate driver (AGD) is an emerging technology to 

improve the switching performance of power devices [2], 

which enables its application in current balancing of paralleled 

SiC MOSFETs. An AGD that can synchronize both current 

edges and slopes is proposed in [3]. The gate driving current is 

regulated by voltage-controlled sink and source in [4] to 

improve the current sharing. Most AGD based current 

balancing methods only address transient unbalanced current 

issue [3], [4] since it is believed that the steady state 

unbalanced currents can be balanced by the positive 

temperature coefficient (PTC) of SiC MOSFET’s drain-to-

source on state resistance i.e., Rds_on [4]. However, the steady-

state unbalanced current may not be fully balanced by the PTC 

of SiC MOSFET’s Rds_on. This is because that Rds_on of SiC is 

not as sensitive to temperature as its Si counterpart [5]. In 

addition, the Rds_on of SiC MOSFET may even show negative 

temperature coefficient (NTC) when the gate-to-source 

voltage changes [6]. It is quantitively analyzed in [7] that the 

PTC effect is limited. The current balancing performance may 

be compromised if the steady state unbalanced current is not 

handled properly. 

AGD method that can suppress steady state unbalanced 

currents have also been reported [8]. AGD in [8] uses a buck 

converter to regulate steady-state gate voltage for current 

balancing. 

There are other methods that can solve the steady-state 

unbalanced current issue. Device screen may help select 

devices with the minimum Rds_on mismatch [9]. However, it is 

time-consuming and requires curve tracer which may not 

always be available. This cannot suppress the steady state 

unbalanced current caused by asymmetric circuit layout, 

which also contributes to steady state unbalanced current and 

is inevitable in some cases [10]. Inserting differential mode 

choke can also help suppress steady-state unbalanced current 

[5], but the complexity of differential choke increases sharply 

when more than 2 MOSFETs are paralleled. 

A novel AGD control method is proposed in this brief to 

address the steady-state unbalanced current issue by switching 

gate voltages between two fixed voltage rails using pulse 

width modulation (PWM). A simple two level AGD output 

stage circuit is adopted, which can also easily realize gate 

voltage delay control for transient unbalanced current 

mitigation. Meanwhile, the method is also generic for multiple 

modules in parallel.  

This brief is organized as follows. Section Ⅱ presents causes 

of unbalanced current between paralleled MOSFETs. Section 

Ⅲ introduces the proposed AGD control scheme. Section Ⅳ 

presents experimental results and section Ⅴ concludes this 

brief. 

II. ROOT CAUSE ANALYSIS OF UNBALANCED CURRENT 

Parameter mismatch is the major issue that leads to unequal 

current sharing among the paralleled SiC modules. 

Unbalanced current can occur during either the switching 

transient or the steady state. Threshold voltage, i.e., Vth, is 

considered as the major cause of the transient unbalanced 

current [11]. Unbalanced current during the steady state, i.e., 

when modules are ON, comes from the impedance mismatch 

in the power loop, which can be caused by asymmetric layout 

of the power loop and unequal Rds_on of the paralleled 

modules.  
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To experimentally study the unbalanced current sharing, in 

this work, the clamped inductive load (CIL) test with two SiC 

modules in parallel is performed. The equivalent circuit of the 

CIL setup is shown in Fig. 1. The devices under test (DUTs) 

are two randomly selected SiC power modules, i.e., M1 and 

M2, Microchip MSCSM170AM058CT6LIAG. Using a curve 

tracer (Keysight B1505a), the values of Vth and Rds_on of two 

modules samples at different virtual junction temperatures are 

extracted and plotted in Fig. 2, where both Rds_on and Vth 

mismatches can be observed.  

 
Fig. 1. The equivalent circuit of the CIL setup with 2× modules in parallel.  

Fig. 3 shows a typical CIL test result, including the gate-to-

source voltages, i.e., Vgs, and the corresponding current 

waveforms for M1 and M2, which are triggered by identical 

gate signals, i.e., Vg, using conventional gate driver (CGD) 

control. Since the Vth of M1 is lower than that of M2, the 

current of M1, i.e., IM1 rises earlier and faster than the current 

of M2, i.e., IM2, as shown in the zoomed-in portion in Fig. 3. 

Due to the Rds_on mismatch, the steady-state unbalanced 

current can also be observed when both modules are fully 

turned on. IM1 is higher than IM2 during the steady state 

because of the lower value of Rds_on_M1. 

 
Fig. 2. Curve tracing data of two SiC module samples. 

 
Fig. 3. CIL test waveforms of M1 and M2. 

III. PROPOSED AGD CONTROL SCHEME FOR STEADY-STATE 

CURRENT BALANCING 

The Rds_on of a MOSFET [12] can be deduced from its 

output characteristics as: 
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where β=µnCoxW/L, µn is the charge-carrier effective mobility, 

Cox is the capacitance of the oxide layer, L is the channel 

length, W is the channel width, and λ is the channel length 

modulation parameter. β and λ can be extracted by curve 

fitting as described in [13].  

It can be inferred from (1) that Rds_on can be regulated by 

Vgs, which makes it feasible to mitigate steady-state 

unbalanced current caused by Rds_on mismatch. To regulate the 

Vgs, a straightforward way is to introduce an additional 

controllable voltage source in the gate driver [8], which 

increases complexity of the system. Therefore, this work 

proposes a PWM based gate voltage regulation method 

implemented in the AGD architecture in Fig. 4.  

As shown in Fig. 4, an FPGA controller serves as the local 

controller to process the command from the main controller 

and drives the output stage circuit. The output stage of the 

AGD adopts a simple circuit with only two gate driver ICs. 

Although a more complicated AGD output stage circuit 

usually brings better controllability, it is verified in this work 

that a good overall current balancing can also be achieved 

with the help of the proposed AGD control method. 

 
Fig. 4. Diagram of the AGD architecture. 

As shown in Fig. 5, four gate voltage levels can be 

generated using two gate driver ICs, where the potential of 

both the gate and source terminals of the switch can be 

controlled. The voltage level is determined using a simple 



logic signals input to the gate driver ICs. For example, T1 and 

T4 are turned on in mode a as indicated by the red traces, so 

that the gate terminal of the power MOSFET is connected to 

the 18 V voltage rail while the source is connected to the 

ground. The actual gate voltage for this mode, i.e., Vg_a, is the 

voltage difference between the gate and source terminals. 

Three other modes can be configured in a similar way to 

realize different gate voltage levels. The proposed AGD 

architecture utilizes two voltage rails, i.e., 18 V and 5 V in this 

work, to generate four different gate voltage values while 

maintaining a very simple design with low part count, and 

seamless transition between operating modes.  

Fig. 5. Operating principle of the AGD. 

The effectiveness of the proposed method is firstly verified 

using simulation, with the typical waveforms of the gate 

voltage PWM regulation method shown in Fig. 6 based on the 

circuit in Fig. 1, where the Rds_on of M2 is set to be 20% higher 

than that of M1. Gate voltage of M1 is only regulated during 

the second pulse to address the steady-state unbalanced 

current.  

 
Fig. 6. Steady-state unbalanced current suppression by PWM regulation. 

As shown in Fig. 6, gate voltage of M1, i.e., Vg1, is regulated 

by a PWM signal switching between 18 V and 13 V during the 

second pulse, to increase its equivalent Rds_on. Meanwhile, gate 

voltage of M2, i.e., Vg2, is kept at 18 V during the same period. 

Since no voltage regulation is applied during the first pulse, 

the steady-state unbalanced current exists due to Rds_on 

mismatch. With the gate voltage PWM regulation on M1, two 

MOSFETs show good current sharing during the second pulse. 

Utilizing the AGD structure in Fig. 5, it is possible to switch 

between two positive voltage levels, i.e., Vg_a and Vg_c, through  

the gate driver ICs. Therefore, if the gate voltage is switched 

between the two voltage levels for a certain period during the 

steady state, as shown in the top subfigure of Fig. 6, it results 

in an equivalent Vgs that can be regulated by the duty ratio of 

Vg_c, which regulates the equivalent Rds_on. 

Due to the existence of gate resistance and MOSFET input 

capacitance, Vgs keeps charging and discharging the 

capacitance over a PWM cycle, as shown in the middle 

subfigure of Fig. 6. The Vgs during a PWM cycle can be 

expressed as: 
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where Ciss is the MOSFET input capacitance, Rg is the gate 

resistance, D is duty ratio of Vg_c, Tsw is the switching period 

of PWM gate voltage. Based on (2), the equivalent Vgs, i.e., 

Vgs_eq, can be calculated as (3) and equivalent Rds_on can be 

determined using (1) and (3) as:  
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As for the selection of the two positive voltage levels in the 

AGD, the Rds_on_eq can be regulated by D according to (3) and 

(4). The maximum Rds_on_eq, i.e., Rds_on_eq_max, provided by the 

AGD can be calculated from (4) when D=1. To ensure the 

designed AGD hardware has enough control capability, the 

Rds_on_eq_max should be larger than the maximum Rds_on in 

datasheet. This can be used to verify the design of the two 

voltage levels Vg_a and Vg_c.  

Since the AGD can be equivalent to a RC circuit when 

controlled in switched between two gate voltage levels during 

steady state, the switching period should be larger than the 

time constant to have enough gate voltage change as shown 

below: 

SW g issT R C                                       (5) 

To ensure a good dynamic performance and reduce the 

current ripple introduced by the gate voltage PWM regulation, 

Tsw should be much smaller than the width of the current pulse 

it regulates. 

It should be noted that the proposed method switches the 

AGD in high frequency during the steady state, so there is no 

high di/t or dV/dt through the device, which are the causes of 

gate voltage oscillation [14]. This is also verified by the test 

waveforms in the next section. 

Ⅳ. EXPERIMENTAL VERIFICATION 

An experimental test setup based on Fig. 1 is developed to 

validate proposed the AGD concept, a picture of which is 

shown in Fig. 7. Fig. 8(a) shows the busbar used in the test, 

which can have three modules in parallel in total. The parasitic 

inductance and resistance are analyzed in Ansys Q3D, which 

shows little mismatch among the three power loops. A picture 

of the AGD output stage board is shown in Fig 8(b). 
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Fig. 7. A picture of the test setup. 

 
 

(a) (b) 

Fig. 8. Figures for (a) Busbar. (b) AGD board. 

  The bottom switches in the two SiC modules are paralleled 

as DUTs. The top switches are turned off with body diodes 

used as freewheeling diodes. The middle points of the two 

modules are connected to a 40 µH air core inductor. Each 

module is placed on a dedicated hot plate to control its case 

temperature. A Xilinx FPGA board is used as the local 

controller to generate gate signals for the DUTs. 

Fig. 9 shows CIL test results with the proposed AGD at 

room temperature, while the results using CGD control on the 

same setup were shown in Fig. 3. 

Curve tracing data in Fig. 2 shows Vth mismatch and 

transient unbalanced current is observed in Fig. 3. Gate 

voltage of M1 is first controlled to be 55 ns lagging behind M2 

by the AGD FPGA controller, so that the two currents reach 

the same value at the end of turn-on period as shown in Fig. 

9(a). This transient unbalanced current suppression method is 

easy to implement and has been validated in previous AGD 

based current balancing method [15]. 

To suppress the remaining steady-state unbalanced current 

during the second pulse in Fig. 9(a), the gate voltage PWM 

regulation is applied on M1 during the second pulse in Fig. 9(b) 

while using the same time delay adopted in Fig. 9(a). The 

switching frequency of the PWM pulse is 1 MHz with the 

40% duty ratio. The two gate voltage levels in the PWM 

regulation are 18 V and 13 V. IM1 and IM2 are on top of each 

other during the second pulse thanks to the gate voltage PWM 

regulation. Since the switching period is much smaller than 

the second current pulse, there is little current ripple 

introduced by the gate voltage PWM regulation as observed 

from Fig. 9(b). 

 
(a) 

 
(b) 

Fig. 9. CIL test waveforms of two paralleled modules with (a) only Vg delay 

regulation and (b) both Vg delay and Vg PWM regulations. 

To further validate the effectiveness of the proposed AGD 

control method on loss balancing across the paralleled 

modules, CIL tests are conducted at various bus voltage and 

load current conditions at 25 °C. Fig. 10 shows loss data with 

800 V bus versus different total load currents from the two 

paralleled modules. The top two subfigures present loss data 

of the two MOSFETs tested using CGD and AGD control, 

respectively. The bottom subfigure shows total loss of the two 

paralleled MOSFETs using CGD and AGD control, 

respectively. When CGD control is adopted, the loss of M1, 

i.e., E1_CGD, is almost twice of the loss of M2, i.e., E2_CGD, due 

to the large difference in both conduction and switching losses, 

which are represented by dark and light shaded areas in each 

bar chart. The numerical data for each loss as well as the total 

loss for each MOSFETs are marked in Fig. 10. When AGD 

control is adopted, as shown in the middle subfigure in Fig. 

10, losses of the two MOSFETs, i.e., E1_AGD and E2_AGD are 

much more balanced since both conduction and switching 

losses of the two MOSFETs have close values. In the bottom 

subfigure of Fig. 10, the total loss of the two MOSFETs using 

CGD control, i.e., Etotal_CGD is close to the total loss using 

AGD control, i.e., Etotal_AGD. This implies that the proposed 

AGD concept does not introduce additional loss while 

balancing the loss distribution between the two MOSFETs. 

The numerical data for the total losses for the two paralleled 

MOSFETs are marked in different colors in the bottom 

subfigure.   



 
Fig. 10. Loss analysis of paralleled MOSFETs with DC bus voltage at 800 V. 

To further verify the robustness of proposed AGD method 

against temperature variation, loss data at different module 

case temperatures are shown in Fig. 11. The numerical data 

for each loss as well as the total loss for each MOSFETs are 

marked in Fig. 11.  Similar to the data shown in Fig. 10, the 

AGD method realizes balancing loss sharing while remaining 

similar total loss to the CGD method. 

A third module, M3, is parallel connected with M1 and M2 at 

the position in Fig. 8(a) to validate the proposed AGD method 

with multiple paralleled modules. The Vth and Rds_on of M3 at 

25 °C are 3.37 V and 6.47 mΩ, respectively. CIL test result of 

the three modules using CGD control is shown in Fig. 12(a). 

The proposed AGD method is applied on the second pulse, 

which suppresses both transient and steady-state unbalanced 

currents, as shown in Fig. 12(b). The current of M2 is used as 

the reference for both transient and steady-state unbalanced 

current control to the currents of the other two modules. 

 
Fig. 11. Loss analysis of paralleled MOSFETs at different temperatures. 

 
(a) 

 

(b) 

Fig. 12. CIL test waveforms of three paralleled modules using (a) CGD 

control. (b) proposed AGD control.  

Ⅴ. CONCLUSION 

An AGD control scheme for suppressing steady state 

unbalanced current is proposed in this brief. The gate voltage 

is controlled in PWM to regulate the equivalent Rds_on of 

paralleled SiC MOSFETs for current balancing. The proposed 

method is realized by a simple AGD output stage circuit, 

which can also be integrated with gate voltage delay control 

for transient unbalanced current mitigation. Experimental test 

results have verified that the proposed AGD method is 

effective at various working conditions and is robust to 

temperature variation. Test results also show the balanced loss 

sharing without total loss penalty on the paralleled MOSFETs. 

In addition, the proposed method has been verified for 

multiple modules in parallel.   

 

REFERENCES 

[1] R. Wang, X. Huang and J. Li, “Active Thermal Management for SiC 

MOSFETs Based on Equivalent Adjustment of Buffer Capacitor,” IEEE 

Transactions on Circuits and Systems II: Express Briefs, vol. 69, no. 3, 
pp. 1502-1506, March 2022. 

[2] J. Cao, Z. -K. Zhou, Y. Shi and B. Zhang, “On-Chip Active Turn-Off 

Driving Technique to Prevent Channel Current From Disappearing 
Prematurely in SiC MOSFET’s Applications,” IEEE Transactions on 

Circuits and Systems II: Express Briefs, vol. 70, no. 2, pp. 660-664, Feb. 

2023. 
[3] Y. Wen, Y. Yang, and Y. Gao, “Active Gate Driver for Improving 

Current Sharing Performance of Paralleled High-Power SiC MOSFET 

Modules,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1491-1505, 
Feb, 2021. 



[4] Y. He, X. Wang, S. Shao and J. Zhang, “Active Gate Driver for 
Dynamic Current Balancing of Parallel-Connected SiC MOSFETs,” 

in IEEE Transactions on Power Electronics, vol. 38, no. 5, pp. 6116-

6127, May 2023. 
[5] Z. Zeng, X. Zhang and Z. Zhang, “Imbalance Current Analysis and Its 

Suppression Methodology for Parallel SiC MOSFETs with Aid of a 

Differential Mode Choke,” IEEE Transactions on Industrial Electronics, 
vol. 67, no. 2, pp. 1508-1519, Feb. 2020. 

[6] G. Wang, J. Mookken, J. Rice and M. Schupbach, “Dynamic and static 

behavior of packaged silicon carbide MOSFETs in paralleled 
applications” 2014 IEEE Applied Power Electronics Conference and 

Exposition - APEC 2014, Fort Worth, TX, USA, 2014, pp. 1478-1483. 

[7]    Y. He, X. Wang, J. Zhang, S. Shao, H. Li and C. Luo, “Analysis on 
Static Current Sharing of N-Paralleled Silicon Carbide MOSFETs,” 

2021 IEEE Energy Conversion Congress and Exposition (ECCE), 

Vancouver, BC, Canada, 2021, pp. 5590-5596. 
[8]   L. Du et al., “Digital Close-Loop Active Gate Driver for Static and 

Dynamic Current Sharing of Paralleled SiC MOSFETs,” IEEE Journal 

of Emerging and Selected Topics in Power Electronics, doi: 
10.1109/JESTPE.2023.3287576. 

[9]    B. Zhao, Q. Yu, P. Sun, Y. Cai and Z. Zhao, “Device Screening Strategy 

for Suppressing Current Imbalance in Parallel-Connected SiC 
MOSFETs,” IEEE Transactions on Device and Materials Reliability, 

vol. 21, no. 4, pp. 556-568, Dec. 2021. 

[10] A. Jauregi, D. Garrido, I. Baraia-Etxaburu, A. Garcia-Bediaga and A. 
Rujas, “Static Current Unbalance of Paralleled SiC MOSFET Modules 

in the Final Layout,” 2020 IEEE Vehicle Power and Propulsion 
Conference (VPPC), Gijon, Spain, 2020. 

[11]  Y. Mao, Z. Miao, C.-M. Wang, and K. D. T. Ngo, “Balancing of Peak 

Currents Between Paralleled SiC MOSFETs by Drive-Source Resistors 
and Coupled Power-Source Inductors,” IEEE Trans. Ind. Electron., vol. 

64, no. 10, pp. 8334-8343, Oct, 2017. 

[12] D. P. Foty, MOSFET Modeling With SPICE: Principles and Practice. 
Englewood Cliffs, NJ, USA: Prentice Hall, 1997. 

[13] V. Talesara et al., “Dynamic Switching of SiC Power MOSFETs Based 

on Analytical Subcircuit Model,” IEEE Transactions on Power 
Electronics, vol. 35, no. 9, pp. 9680-9689, Sept. 2020. 

[14] W. Zhang, X. Wang, M. S. A. Dahidah, G. N. Thompson, V. Pickert and 

M. A. Elgendy, “An Investigation of Gate Voltage Oscillation and its 

Suppression for SiC MOSFET,” IEEE Access, vol. 8, pp. 127781-

127788, 2020. 

[15] D. Bortis, J. Biela and J. W. Kolar, “Active Gate Control for Current 
Balancing of Parallel-Connected IGBT Modules in Solid-State 

Modulators,” IEEE Transactions on Plasma Science, vol. 36, no. 5, pp. 

2632-2637, Oct. 2008. 

 


