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Abstract—This paper presents a compact three-level (3L) 

Gallium Nitride (GaN) power module with low parasitic 

parameters. The power loop, gate loop and PCB layout are 

designed and optimized carefully to achieve: 1) low parasitic 

parameters; 2) good thermal performance; 3) compact size and 

high integration; 4) easy utilization on building 3L ANPC 

converter. To achieve higher power rating, for two high-

frequency (HF) switch legs, three GaN Systems’ GS665016T are 

paralleled and for the low-frequency pair, two switches are 

paralleled considering the much lower switching loss. The 

decoupling capacitors, driver circuits and auxiliary power 

supplies are all integrated into the module for the easy utilization 

and small parasitics. Double-pulse test (DPT) is applied to test 

the electrical characteristics and a bidirectional three-phase 3L 

ANPC converter is built using the proposed modules to verify the 

electrical performance and thermal performance. 

Keywords—Three-level power module, GaN devices, integrated 

gate drive, decoupling cap 

I. INTRODUCTION  

Compared with the Si devices, the wide-bandgap (WBG) 
GaN power high electron mobility transistors (HEMTs) can 
help to increase the power density significantly with the 
advantages of smaller size, lower Rds,on and faster switching 
speed[1]. Since the GaN HEMTs are very sensitive to the 
parasitic parameter and the heat dissipation, some two-level 
(2L) half-bridge GaN based power modules have been 
proposed to maximize the switching and thermal 
performance[2-3]. Reference [2] offers an double-sided cooling 
design for better thermal performance. Reference [3] integrate 
the decoupling cap, gate driver and the auxiliary power supply 
together to have a compact design and supply simpler interface 
for user.  

So far, the maximum blocking voltage of mature GaN 
HEMTs which are introduced on the market is around 650V, 
such as 650V GaN transistor from GaN System. Such devices 
can only serve for two-level(2L) converters with DC voltage 
lower than 600V considering the enough marge of the Safe 
Operation Area (SOA). For any application with DC voltage 
over 600V, it is usually recommended to use 900-1200V SiC 

MOSFETs [4]. To employ GaN HEMTs in such higher voltage 
application, one of solution is series two 650V GaN devices. 
However, such structure requires great simultaneity of two 
series devices to ensure the balanced voltage distribution. 
Another solution is to use the multi-level structure yielding the 
lower voltage stress of switches, lower current ripple and 
reduction of the filter size [4-7]. One of the most popular three-
level topology for the Grid-connection high-power application 
is 3L-ANPC [6, 8].  

Combining the good electrical characters of GaN HEMT 
and the benefits of 3L-ANPC, a compact 3L GaN based power 
module with integrated gate drive, auxiliary power supply and 
decoupling caps is proposed in this paper by using GaN 
Systems’ 650V/60A device (GS66516T). The simple interface 
makes it convenient to be used to build a high-performance and 
compact 3L-ANPC converter. 

In this paper, Section II describes the PCB design 
considerations, including the power loop design , gate loop 
design. Section III introduces the thermal simulation and 
parasitic simulation. Section IV shows the DPT and 
bidirectional power  experiment results to verify the electrical 
and thermal performance of the proposed power module. 

II. PCB DESIGN 

A. Schematic of 3L-ANPC Phase Leg 

The schematic of one 3L-ANPC phase leg is shown in 
Fig.1. It consists of six switches. Based on the modulation 
proposed in [9], switch S1-S4 will switch with high frequency 
(HF) and S5 and S6 will switch with grid frequency which 
means that the switching loss of S5 and S6 will be much lower 
than the switching loss of S1-S4.Terminal +Vdc, Vdc_mid and -
Vdc, will be connected to the active , neutral point and negative 
DC bus. vsw will be connected to the grid side.  

To enhance the power capability, three GaN devices are 
paralleled for the high-frequency switch and two GaN devices 
are paralleled for the low-frequency switch considering the 
different loss dissipation. Paralleled devices can reduce the on-
state resistance and share the switching current. The diagram of 
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Fig. 1 Schematic of one 3L-ANPC phase leg. 
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Fig. 2 Diagram of higher HF switch leg. 
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Fig. 3 Turn-on gate loop for paralleled GaN HEMTs. 

TABLE I.  MAIN COMPONENTS  

Component Part Number Value 

Isolated gate driver Si8271AB-ISR -- 

Isolated power supply PDS1-S12-S9-M-TR -- 

Decoupling cap 
C2220X124KDRAC

7800 
2*4*0.12μF 

GaN HEMT GS66516T -- 

 

higher HF switch leg including the integrated gate driver, 
auxiliary power supply and decoupling cap is shown in Fig.2. 
The other two switch legs have the similar structure. 

B. Integrated Gate Drive Circuit 

Isolated gate driver and isolated auxiliary power supply are 
the key components for the gate driver circuit. Based on the 
gate drive circuit guidance from GaN System [10], each group 
of paralleled GaN devices will co-share 1) one-channel isolated 
gate driver, Si8271AB-ISR; 2) Turning on and off resistor, Ron 

and Roff; 3) Gate-source resistor Rgs; 4) Isolated power supply. 
Additionally, one gate resistor Rg and one source resistor Rs are 
added for each GaN HEMT for the paralleled GaN HEMTs 
[10]. To reduce the negative Vgs spike, Ron and Roff are 
optimized and set to 13Ω and 0Ω respectively. Rg and Rs are 
both 1Ω and Rgs is 4.7kΩ. 

A negative Vgs_off  can help to enhance the system stability 
in real application, -3Vgs_off  is used for this design. To provide 
+6 and -3V for the isolated gate drivers, a 12V-9V isolated 
DC-DC module (PDS1-S12-S9-M-TR) and a following 
voltage divider is used as the auxiliary power supply. +6V and 
-3V is generated by connecting a 6V Zener diode and a 1kW 
resistor in series on the output of the isolated DC-DC module. 
The main components used in the integrated power module are 
summarized in TABLE I. 

Gate loop design is important for GaN based power module 
since the GaN HEMTs are sensitive to the gate loop parasitic 
inductance. Multi-layer PCB is adopted in this design to realize 
flux canceling [11-12]. Additionally, to minimize the gate loop 
area and gate loop distance, gate drivers should be put close to 
the GaN devices. The turn-on gate loop of the paralleled GaN 
device S2 is shown in Fig. 3. In Fig.3, yellow line represents 
the shared gate loop and blue, green and black lines represents 
the gate loops for three GaN HEMTs S2-1, S2-2, S2-3 
respectively. Solid line shows the gate current loop from gate 
driver to the GaN HEMTs, and the dashed line shows the gate 
current loop back to gate driver. From Fig.3, we can find that, 
by using the multi-layer PCB, gate current flows through top 
layer and returns through the internal layer 1, the vertical 
structure is formed, which can help to reduce the gate loop area 
and realize flux canceling. Therefore, low gate-loop parasitic 
inductance can be achieved. 

C. Power loop design. 

The parasitic inductance of the power loop has a lot of 
effects on the switching performance, such as voltage spike on 
gate drive loop, voltage overshoot on Vds and voltage ringing 
across decoupling cap [13]. Therefore, it’s important to reduce 
the power loop inductance. Similar to the gate loop design, 
vertical structure is also adopted to the power loop by using 
multi-layer PCB. To increase the current capability and reduce 
the conducting loss, eight-layer PCB is employed in the power 
module design. Eight-layer PCB also enables the  possibility of 
simple interface by putting all HV terminal to one side of the 
module, which can simplify the employment of such power 
module in 3L-ANPC converter design.  

The top view and bottow view of the proposed GaN power 
module are shown in Fig. 4. From Fig.4, we can find that the 
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   (a) Top View           (b) Bottom View 

Fig. 4 Proposed GaN power module. 

Power loop

Decoupling cap

 

Fig. 5 Power loop of one HF switch leg. 

 

Fig. 6 GaN module with installed custom heatsink. 

  

Fig. 7 Thermal simulation result @ Ploss_ave = 6.5W per 
GaN. 

 

double-side layout is adopted in this module. All the GaN 
devices are assembled on the bottom layer, and the integrated 
gate driver, auxiliary power supply and the decoupling cap are 
assembled on the top layer. The power loops are on internal 
layers. Specifically, the power loops of two HF switch legs 
distribute symmetrically on the PCB and have the similar 
structure. The side view of the PCB and the power loop of one 
HF switch leg is shown in Fig.5 where the thickness of PCB is 
scaled up for demonstration purpose. Two groups of LF 
switches, S5 and S6 locate on the two edges of PCB as shown 
in Fig. 4. 

To achieve better thermal performance, an air-cooling heat 
sink is customized and optimized to match the size of PCB as 
shown in Fig. 6.  

III. SIMULATION VERIFICATION 

A. Thermal Simulation 

With the custom heat sink, the thermal simulation is 
conducted based on the assumption that the average loss of 
each GaN device is 6.5W. High-speed Fan, OD6038 -
12HHBXC01A, is used for cooling the module. A simplified 
thermal simulation model is built and imported into Ansys 
Icepack. In the simulation, airflow is set to 0.037 m3/s based on 
the fan’s parameter and the ambient temperature is set to 70℃ 
for potential EV on-board charger application. As shown in 
Fig.7, the simulation result shows that highest temperature is 
95.3 ℃, which means the maximum junction-to-case thermal 
resistance is 0.27 ℃/W. 

B. Parasitic Parameter Extraction 

To analyze the parasitic parameters caused by the PCB 

layout, a simplified power loop is modeled in the ANSYS Q3D 

to extract the power loop parasitic inductance as shown in Fig. 

8. The power loop inductance based on the Q3D analysis is 

1.27nH. The comparison between the proposed power loop 

inductance and the power loop inductance in previous 

literatures is provided in TABLE II. This result verified that a 

small power loop inductance is introduced by such PCB layout, 

which can help to reduce the overshoot on drain-source voltage 

during turning-off process. 

 

IV. EXPERIMENT VERIFICATION 

A. DPT 

DPT test is conducted separately for two HF switch legs to 
verify the HF switching performance. The test diagram is 
shown in Fig. 9. One 200μH inductor is used as the load 
inductor. From Fig. 9, we can find that the corresponding LF 
switch is also included in the test setup, and during the DPT, 
the LF switch will keep on state to keep consistent with the 
ANPC control schematic.  

The DPT test results are shown in Fig. 10. Based on the test 
results, the overshoots on drain-source voltage at 350V/42A 
are 4.3% and 5% for higher and lower HF switch leg 
respectively. Similar overshoots verified that the symmetrical 

design of two HF switch legs. Small overshoots verified that 
low power loop parasitic inductance is achieved.  

B. Conveter power test 

To verify the electrical and thermal performance, a 
bidirectional three-phase 3L ANPC converter is built.  The 
bidirectional power test results of the 3L converter is shown in 
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Fig.11 3L converter power test: (a) PFC mode @7.2kW; 
(b) inverter mode @8kW. 
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Fig. 8 Simulation model of power loop. 
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Fig. 9 Schematic of the DPT for the HF switch legs in the 
3L modules (a) lower switch leg ; (b) higher switch leg. 
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Fig. 10 DPT test waveform @ 350V/42A. 

TABLE II.  COMPARISON OF POWER LOOP INDUCTANCE 

 
Reference Layout Loop Inductance(nH) 

[2] Vertical 1.7-2.4 

[3] Vertical 0.77 

[4] Vertical 1.2 

[14] Lateral 5 

This paper Vertical 1.27 

 

Fig. 11. Fig. 11(a) shows the 7.2kW PFC mode with three-
phase 220Vphase AC input and 620V DC bus voltage output. 
Highest temperature is 46℃ with around 20℃ ambient 
temperature. Fig.11(b) shows the 8kW inverter mode test result 
with 600V DCbus voltage input and 180Vphase AC output. Only 
5% overshoot voltage in 350V/42A DPT test and the 
bidirectional 3L converter-based power test with the maximum 
efficiency up to 99% verified the electrical and the thermal 
performance of the proposed GaN module. 

V. CONCLUSION 

This paper proposed an integrated 3L GaN power module 

to employ the 650V GaN deivces in the over-600V converters. 

High-compactness is achieved by the integration of the 

isolated gate drivers, isolated auxiliary power supply and the 

decoupling cap together. Gate driver circuit is carefully 

designed to ensure the successful operation of paralleled GaN 

HEMTs. Low power-loop parasitic inductance and simple 

interface are achieved, which benefits from the optimized 

power loop design. The electrical and thermal performance 

has been verified by the DPT and bidirectional power test 

based on the three-phase 3L-ANPC converter, which is built 

by using the proposed GaN module. The experiment results 

show that the proposed GaN module could be a good 

candidate to employ the GaN HEMTs in the over 600V 3L 

converter design.    

ACKNOWLEDGMENT 

Authors would acknowledge the sponsorship and support 
from Magna Inc.  

REFERENCES 

 
[1]  J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, and J. Rebollo, "A 

Survey of Wide Bandgap Power Semiconductor Devices," IEEE Trans. 
Power Electron., vol. 29, no. 5, pp. 2155-2163, May. 2014.  

[2] K. Wang, B. Li, H. Zhu, Z. Yu, L. Wang, and X. Yang, "A Double-
Sided Cooling 650V/30A GaN Power Module with Low Parasitic 
Inductance," in 2020 IEEE Applied Power Electronics Conference and 
Exposition (APEC), 2020, pp. 2772-2776. 

245

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 07,2023 at 03:07:49 UTC from IEEE Xplore.  Restrictions apply. 



[3] Y. Yan, L. Zhu, J. Walden, Z. Liang, H. Bai and M. H. Kao, "Packaging 
A Top-cooled 650 V/150 A GaN Power Modules with Insulated 
Thermal Pads and Gate-Drive Circuit," 2021 IEEE Applied Power 
Electronics Conference and Exposition (APEC), 2021, pp. 2345-2350. 

[4] W. Qian, J. Lu, H. Bai and S. Averitt, "Hard-Switching 650-V GaN 
HEMTs in an 800-V DC-Grid System With No-Diode-Clamping 
Active-Balancing Three-Level Topology," in IEEE Journal of Emerging 
and Selected Topics in Power Electronics, vol. 7, no. 2, pp. 1060-1070, 
June 2019. 

[5] S. Kushwaha and M. T. Shah, “Bi-directional three-phase three-level 
neutral point clamped converter with capacitor voltage balancing 
scheme for unity power factor and low % THD,” in Proc. IEEE 1st Int. 
Conf. Power Electron., Intell. Control Energy Syst. (ICPEICES), Delhi, 
India, Jul. 2016, pp. 1–6. 

[6] M. Valente, F. Iannuzzo, Y. Yang and E. Gurpinar, "Performance 
Analysis of a Single-phase GaN-based 3L-ANPC Inverter for 
Photovoltaic Applications," 2018 IEEE 4th Southern Power Electronics 
Conference (SPEC), 2018, pp. 1-8. 

[7] Y. Mei, X. Li, and Y. Qi, “A model predictive control method for 
threelevel bi-directional DC-DC converter in renewable generation 
system,” in Proc. 18th Int. Conf. Elect. Machines Syst. (ICEMS), Oct. 
2015, pp. 417–421. 

[8] Z. Xia, Z. Liu and J. M. Guerrero, "Multi-Objective Optimal Model 
Predictive Control for Three-Level ANPC Grid-Connected Inverter," in 
IEEE Access, vol. 8, pp. 59590-59598, 2020. 

[9] E. Gurpinar, D. De, A. Castellazzi, D. Barater, G. Buticchi, and 
G.Francheschini, “Performance analysis of SiC MOSFET based 3-level 
ANPC grid-connected inverter with novel modulation scheme,” in Proc. 
of IEEE COMPEL, pp. 1-7, 2014.  

[10] GaN Systems, "GN012 Application Note: Gate Driver Circuit Design 
with GaN E-HEMTs." 

[11] E. Gurpinar, F. Iannuzzo, Y. Yang, A. Castellazzi, and F. J. I. T. o. I. A. 
Blaabjerg, "Design of low-inductance switching power cell for GaN 
HEMT based inverter," vol. 54, no. 2, pp. 1592-1601, 2017. 

[12] D. Reusch and J. J. I. T. o. P. E. Strydom, "Understanding the effect of 
PCB layout on circuit performance in a high-frequency gallium-
nitridebased point of load converter," vol. 29, no. 4, pp. 2008-2015, 
2013. 

[13] J. Lu, H. K. Bai, S. Averitt, D. Chen and J. Styles, "An E-mode GaN 
HEMTs based three-level bidirectional DC/DC converter used in Robert 
Bosch DC-grid system," 2015 IEEE 3rd Workshop on Wide Bandgap 
Power Devices and Applications (WiPDA), 2015. 

[14] J. A. Brothers and T. Beechner, "GaN Module Design 
Recommendations Based on the Analysis of a Commercial 3-Phase GaN 
Module," 2019 IEEE Energy Conversion Congress and Exposition 
(ECCE), Baltimore, MD, USA, 2019, pp. 4109-4116. 

 

246

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 07,2023 at 03:07:49 UTC from IEEE Xplore.  Restrictions apply. 



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     4
     5
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



