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Abstract— This paper presents an interface ac-dc 
converter to connect the 380 V bipolar dc microgrid with 
the 240 V split-phase single-phase ac utility. The design 
targets are high efficiency, leakage current attenuation 
and symmetric bipolar dc bus generation. A 
transformerless two-stage topology is proposed to 
decouple the common-mode (CM) voltage between the 
connected ac and dc systems. The two-stage structure 
also reduces the required capacitance in single-phase 
power conversion by allowing a large voltage ripple on the 
intermediate dc-link. Adaptive dc-link voltage control and 
interleaving of state-of-the-art silicon carbide (SiC) 
MOSFETs are adopted to achieve high efficiency. 
Interleaving angles are optimized to minimize the total 
volume of both differential-mode and CM magnetics. An 
active CM control method is incorporated to regulate the 
dc and low-frequency CM voltages on the dc buses with 
respect to the ground. The resultant dc bus voltages are 
rendered symmetric to the ground, and the leakage 
current is suppressed. The generated ± 190 V dc bus is 
suitable for bipolar 380 V dc power distribution systems. 
Pluggable phase-leg modules with embedded driving and 
protection circuit are designed and tested, based on which 
a 10 kW all-SiC converter prototype is built achieving an 
efficiency > 97 %. 

Index Terms— Ac-dc converter; common-mode; 
leakage current; dc microgrids; efficiency; interleaving; 
silicon carbide (SiC). 

I. INTRODUCTION 

1To integrate renewable sources and energy storage, dc 

power distribution has arisen as an attractive solution due to 

its simpler structure and higher efficiency than ac distribution 

[1]–[7]. Since most residential and consumer electronic 

appliances use dc voltage intrinsically, dc power distribution 

provides an opportunity to eliminate the back and forth dc-ac 

and ac-dc power conversions within a dc grid. The dc grid can 

be connected to the ac utility through an interface converter at 

the point of common coupling (PCC) and exchanges only the 

net energy [8]–[12]. Fig. 1 shows the schematic of a possible 

future residential dc power distribution system. Renewable 

energy sources, energy storage, and different kinds of loads 
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are connected to a common dc bus through power converters. 

These converters not only match the outputs of different 

sources to the dc bus voltage, but also function as “dc fuses” 

to limit the fault current during bus short circuit, especially for 

sources like batteries. The dc system is connected to the ac 

utility through a bidirectional ac-dc grid-interface converter. 

The target power rating of this ac-dc converter is 10 kVA to 

cover the consumption of a single U.S. family.  

In the system-level energy management, the interface 

converter functions as the brain of the dc grid; it exchanges 

information with the ac grid and is responsible for the 

optimization of energy utilization in the dc system. Thus the 

converter has been named the Energy Control Center (ECC) 

[10]–[12]. It is preferable to have the ECC regulate the dc bus 

voltage in a droop manner, i.e., reducing its output voltage 

when the output current increases, so different energy sources 

in a dc microgrid can share the total system load in proportion 

to their droop resistances. Besides, the dc bus voltage varies 

depending on the system load. By sensing the bus voltage, 

each source and load makes its own power management 

decision, giving an opportunity to optimize the system energy 

utilization without communication links [13], [14].  

While isolation is usually required in high-power high-

voltage applications, transformerless converters are appealing 

for low-power grid-tied dc systems in residential and some 

commercial facilities, such as small-scale photovoltaic (PV) 

generation [15], [16]. The benefits of using transformerless 

converters include size and cost reduction, and efficiency 

improvement by eliminating the line-frequency and high-

frequency transformers. 
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Fig. 1.  DC power distribution in a future home. 
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However, using a non-isolated interface converter 

introduces a low impedance common-mode (CM) path 

between grounded ac and dc systems. In such architecture, the 

ac and dc CM quantities are coupled through the power 

converter and the ground. Depending on the impedance within 

this CM path, the resultant CM current may be significant, 

jeopardizing human safety and accelerating component aging.  

To attenuate the CM voltage, different active and passive 

methods have been discussed in literature, particularly for PV 

inverters because of the large parasitic capacitance between 

PV panels and ground. Topologies such as the highly efficient 

and reliable inverter concept (HERIC), H6 and neutral-point 

clamped (NPC) topologies have been evaluated to reduce the 

CM noise generation [17]–[19]. By adding extra switches to 

the circuit, the ac and dc sides of the power converter are 

separated during the free-wheeling state; the CM issue is 

relieved at the expense of higher circuit complexity and lower 

efficiency. Different modulation schemes have been proposed 

to reduce the CM voltage variation in [20]–[23], and a closed-

loop gate voltage control is used to limit the switching speed 

and EMI in [24], [25]. 

Another way to attenuate CM current is to change its 

transmission path. Traditional filters increase the CM path 

impedance so the measured output noise is reduced. In 

contrast, [11], [26], [27] propose using floating filters in grid-

tied converter and motor drive applications. The floating filter 

creates a low-impedance CM path to trap the CM noise within 

the converter instead of emitting to the output. Thus the 

measured noise at the output is reduced. 

While the high-frequency CM noise can be filtered by 

passive components, the dc and low-frequency CM voltage 

needs effective control to generate symmetric dc bus voltages 

for bipolar dc microgrids and mitigate the leakage current. An 

active CM control method using duty cycle injection is 

proposed in [28], but it requires knowledge of the system CM 

transfer function, and can only generate symmetric dc buses 

for certain ac interfaces.  

A high-density transformerless two-stage bidirectional ac-

dc converter (ECC Gen 1) is developed in [10], [11]. Its key 

feature is to allow a large voltage ripple on the intermediate dc 

link, which greatly reduces the inherently large dc bus 

capacitance in single-phase ac-dc power converters. To handle 

the higher dc bus ripple, 1.2 kV IGBTs are used at the expense 

of higher switching losses. As a result, the measured 

efficiency is lower than 90 % with a 20 kHz switching 

frequency. Modified versions of ECC have been discussed in 

[29], [30] to improve its CM performance with and without 

floating filter. However, the passive filter design and 

efficiency improvement have not been fully addressed.  

In this study, the goal is to develop a high-efficiency and 

high-density transformerless ac-dc interface converter (ECC 

Gen 2) to connect 380 V dc systems with split-phase 240 V 

residential ac grids. Compared to the aforementioned 

techniques, the proposed two-stage topology along with its 

CM controller simultaneously achieves the reduction of 

double-line-frequency capacitance in single-phase ac-dc 

power conversion and the CM voltage decoupling between the 

ac and dc grids. An adaptive dc-link voltage control and 

interleaved SiC MOSFETs are adopted to achieve a high 

efficiency. Interleaving angles are optimized to reduce the size 

of both DM and CM magnetics. An active CM duty cycle 

injection method is incorporated to control the dc and low-

frequency CM voltages on the dc side buses. A pluggable 

phase-leg module is designed, based on which a 10 kW 

converter prototype is built achieving an efficiency > 97 %. 

II. CM VOLTAGE AND LEAKAGE CURRENT FOR GROUNDED 

SYSTEMS CONNECTED BY NON-ISOLATED POWER 

CONVERTERS 

The grounding scheme is critical when ac and dc grids are 

connected. Fig. 2 presents the typical structures of the ac 

power distribution systems in North America and Europe. In 

the U.S., medium-voltage (MV) distribution uses a three-
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Fig. 2.  AC power distribution layouts. (a) North America. (b) Europe. 
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phase four-wire system. The low-voltage distribution is fed 

from one phase of the MV distribution. The residential 

interface is a split-phase system. The phase-to-neutral voltage 

is 120 V rms for lighting and pluggable loads; the line-to-line 

voltage is 240 V rms for heavy loads such as heaters, electric 

ranges, and air conditioner units. The neutral line is grounded 

at the distribution transformer. The green lines highlight the 

ground connection. In Europe, electricity is normally 

distributed for domestic use by a three-phase four-wire system. 

Most of the countries adopt a line-to-line voltage of 400 V and 

a line-to-neutral voltage of 230 V 50 Hz. 

On the dc side, the lack of standards have led to different 

voltage levels and grounding schemes [31]–[34]. One broadly 

used configuration is 380 V for home appliances and 48 V for 

telecommunication equipment. The dc system can be unipolar 

or bipolar depending on the grounding method. In the unipolar 

scheme, one of the active lines is grounded. In the bipolar case, 

a middle line between the positive and negative buses is 

grounded. In the latter case, the voltage on the positive and 

negative line to the ground is only half of the total bus voltage, 

which makes it safer for residents; thus the bipolar scheme is 

adopted in this work.  

According to IEC 60364-1, grounding schemes can be 

classified as TN, TT and IT, in which the first letter refers to 

the source grounding (T – solidly, I – indirect) and the second 

letter refers to the load grounding (T – individual grounding 

wire, N – grounded through neutral wire). In this work, the 

source side, which is the dc output of the interface ac-dc 

converter, is grounded so the system can be TN or TT. Fig. 3 

shows one TN grounding configuration for bipolar dc 

distribution, where PE refers to the protective earth wire. The 

neutral line N and PE are combined at the source side, forming 

the PEN line. 

Both the ac and dc systems are grounded in the 

aforementioned schemes. If the interface converter is not 

isolated, a leakage current, i.e., CM current, flows through the 

interface converter and the common ground, as shown in Fig. 

4, introducing additional losses and accelerating the ageing of 

components. As highlighted in [5], the CM voltage and 

leakage current are related to each other by the grounding 

impedance. For a very high ground impedance, there will be 

no leakage current, but the CM voltage will be at its maximum. 

In contrast, if the system is solidly grounded, there will be no 

CM voltage, but the leakage current will be the highest. 

III. TWO-STAGE CONVERTER TO DECOUPLE THE CM 

VOLTAGE 

To decouple the CM voltages between the connected ac 

and dc systems, a two-stage symmetric converter topology is 

shown in Fig. 5. The converter includes a full-bridge ac-dc 

stage and a full-bridge dc-dc stage. The ac-dc stage regulates 

the ac current and the dc-link voltage. The steady-state dc-link 

voltage has a large voltage ripple to reduce the capacitors for 

double-line frequency power ripple. As discussed in [10], the 

capacitance can be reduced by more than 10 times. This 

enables a size reduction and prolongs the converter lifetime by 

replacing electrolytic capacitors with film ones. The full-

bridge dc-dc stage steps down the dc-link voltage and 

generates a symmetric dc bus. Both of the stages are power 

bidirectional. It is worth noting that even though the two-level 

H-bridge is used as an example, the phase-leg can also adopt 

multi-level or interleaved structures.  

On the ac side, LD_ac, CD_ac and Lg_ac serve as the ac-side 

differential-mode (DM) filter. On the dc side, LD_dc, CD_dc and 

Lg_dc serve as the dc-side DM filter. The blue components, 

LC_ac, CC_ac, LC_dc and CC_dc, constitute the CM filter on the ac 

and dc sides, respectively. As shown by the green line, the 

ground of the ac and dc sides are physically connected at the 
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Fig. 5.  Two-stage bidirectional single-phase ac-dc converter with common-mode decoupling. 
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utility grounding point. 

Compared with [10]–[12], which use a half-bridge for the 

dc-dc stage, using a full-bridge enables the decoupling of the 

ac- and dc-side CM voltages. If only a half-bridge is used for 

the dc-dc stage, the dc-side bus-to-ground voltage depends on 

the ac-side grounding. If the mid-point of the ac is grounded, 

then the dc buses have positive and negative voltages to the 

ground with different magnitudes, as shown in Fig. 6. Even if 

we assume the positive and negative dc-link voltages are 

symmetric to the ground, the dc bus voltages will not be 

symmetric because only the positive bus is modulated. On the 

other hand, using a full-bridge dc-dc, both the positive and 

negative dc bus voltages are modulated and can be regulated 

at any value between the positive and negative dc-link 

voltages. Consequently, the converter has more flexibility in 

controlling the dc bus to ground voltages. 

Another important requirement for the interface converter 

is high efficiency. The interface converter functions as an 

energy router to balance the power between the ac and dc 

grids. The router itself should be very efficient, especially 

under light load, since that is where the converter operates 

most of the time. To achieve a high-efficiency power stage 

design, the converter efficiency has been evaluated using 

different two-level and three-level phase-leg structures and 

state-of-the-art Si and SiC power devices. The results are 

presented in [35]. In summary, the two-level full-bridge with 

two paralleled 25 mΩ SiC MOSFETs working at 40 kHz 

strikes a good balance between conduction and switching 

losses. Since interleaving has the benefit of reducing the size 

of passive components, two-phase interleaving is chosen as 

the final design to achieve high efficiency and power density. 

The complete power stage schematic is shown in Fig. 7. The 

device is the state-of-the-art, commercial 1.2 kV, 25 mΩ SiC 

MOSFET C2M0025120D from Wolfspeed. 

IV. VOLUME MINIMIZATION FOR MAGNETICS WITH 

OPTIMIZED INTERLEAVING ANGLES 

To guarantee high power quality and satisfy applicable 

requirements, DM and CM filters need to be designed. 

Depending on the voltage and current stress, each component 

has different design constraints. In this section, the stress for 

each inductive component is analyzed, based on which 

magnetic components are designed.  

As presented, the two-stage converter uses a symmetric 

ac-dc and dc-dc structure. To explain the design principle, the 

design procedure is presented for the interleaved full-bridge 

converter shown in Fig. 8 without any constraint on the 

modulation or duty cycle. After deriving the fundamental 

equations, the operating condition for each component under 

either ac-dc or dc-dc operation can be substituted into these 

equations to generate a specific design. In the figure, Linter1 and 

Linter2 are the interphase inductors that reduce circulating 

current between the interleaved phase-legs, LDM is the DM 

inductor that limits the DM current ripple, LCM is the CM 

choke, Cdclink and CDM are the DM capacitors on each side. 

A. Inductor design based on volt-seconds 

The inductive components take up a lot of space in the 

whole system. The volt-seconds on these components are used 

to estimate their size with different interleaving angles; then 

the total filter size can be optimized. 

For the interphase inductor Linter1 , Linter2 and CM choke 

LCM, the design procedures are similar. Neither of these 

inductors bears high dc bias current, so the design constraint 

mainly depends on the core saturation from the switching 

cycle volt-second. The techinique of using volt-second to 
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Fig. 6.  Asymmetric dc bus to ground voltages using the half-bridge dc-dc in 

[10]. (Note: The DM positive to negative bus voltage is 380 V without ripple) 

 
Fig. 7.  Interleaved two-stage converter with filters and control sampling. 
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Fig. 8.  Circuit to derive the design constraints for magnetic components. 
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analyze CM inducutor saturation has been discussed for motor 

drive in [36] as well. In some cases, the core loss can also be a 

limit. However, the switching frequency is below 100 kHz 

and a low-loss core material is selected in this design, so the 

main constraint is considered to be saturation. 

By Faraday’s law,  

 c

d dB
v N NA

dt dt


    (1) 

where v is the voltage applied on the inductive component, N 

is the number of turns of the winding, Ac is the core cross-

sectional area, Φ is the flux through the winding, B is the flux 

density, and t is time.  

Multiplying (1) by dt and integrating both sides of the 

equation gives 

 cvdt NA dB    (2) 

The left-hand side is the total applied volt-second to the 

inductor. To avoid core saturation, the core and winding need 

to satisfy 

 
max maxcVS NA B   (3) 

where VSmax is the applied maximum volt-second during every 

switching cycle, and Bmax is the allowed maximum flux 

density for the core material. 

The size of the inductor can accordingly be expressed as 

 max

max

c

VS
NA

B
   (4) 

or in the area product form 

 max

max

rms
a c

u

I VS
W A

J K B
 


  (5) 

where Wa is the window area of the core, Irms is the rms value 

of the current conducted through the winding, J is the current 

density for the wire, and Ku is the filling factor of the core 

window area.  

For the DM inductor, usually the maximum current going 

through the inductor determines the maximum flux density 

and thus the volume, which means 

 max

max

c

L I
NA

B


   (6) 

where L is the inductance value and Imax is the maximum 

inductor current. 

Since the current is determined by the load, if L is 

designed based on the maximum inductor current ripple ΔImax 

due to light-load efficiency considerations, then the inductor 

value satisfies: 

 max

max

VS
L

I



  (7) 

Substituting (7) into (6), the DM inductor volume can be 

also expressed in volt-second form: 

 max max

max max

c

VS I
NA

B I





  (8) 

or 

 max max

max max

rms
a c

u

I VS I
W A

J K B I


 

 
  (9) 

Since NAc and WaAc are usually proportional to the 

volume, the volt-seconds on CM and DM components can be 

used to estimate their individual and total volume. Assuming 

the volt-seconds on the two interphase inductors are the same, 

the total inductor size for the circuit shown in Fig. 8 can be 

expressed in (10) which includes two interphase inductors, one 

CM choke and one DM inductor.  

 
max

max1 max 2 max 3 max

2inter CM DML L LVS VS VS I
Total volume

B B B I


   


  (10) 

In this equation, VSLinter, VSLCM, VSLDM are the maximum 

volt-seconds on the interphase inductor, CM choke and DM 

inductor. Bmax1, Bmax2, and Bmax3 are the allowed maximum flux 

density for the core material of each component, and they are 

assumed to be the same since the same core material is used in 

this design. It can be observed that the volt-second on DM 

inductor has a coefficient of Imax/ΔImax, which is the ratio 

between the maximum inductor current and the maximum 
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Fig. 9.  Inductor voltage analysis. (a) Step 1 (b) Step 2 (c) Step 3 
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inductor ripple current. Its value is usually between 5 and 20 

which corresponds to 20% and 5% ripple current. This gives 

the DM inductor a high weighting factor in the total volume. 

B. Analysis of the voltage on each inductive component 

To simplify the volt-second calculation of each 

component, the phase-legs are replaced with equivalent DM 

and CM voltage sources. In Fig. 9(a), the four phase-legs in 

Fig. 8 are replaced with controlled pulsating voltage sources v1, 

v2, v3 and v4 without switching cycle average. VlinkN is the 

voltage of the dc link negative rail. 

Next the voltage sources v1, v2, v3 and v4 are expressed in 

combinations of CM and DM sources defined as 

 
12 1 2 34 3 4,DM DMv v v v v v    (11) 

 
1 2 3 4

12 34,
2 2

CM CM

v v v v
v v

 
  (12) 

Replacing the voltage sources v1 to v4 by equivalent DM 

and CM sources, Fig. 9(a) can be expressed in the form of Fig. 

9(b).  

Next the two CM sources vCM12 and vCM34 are again 

replaced with CM and DM sources vCM1234 and vDM1234. The 

final equivalent circuit is shown in Fig. 9(c). 

 
1234 12 34DM CM CMv v v    (13) 

 
12 34

1234
2

CM CM
CM

v v
v


   (14) 

If the circuit is balanced, then the DM and CM quantities 

are not coupled. The switching cycle pulsating voltage applied 

on each component can be expressed as 

 
1 212 34,

inter interL DM L DMv v v v    (15) 

 1234DML DMv v   (16) 

 1234CML CMv v   (17) 

It is worth noting that these equations are only valid for 

switching cycle volt-second analysis. The voltage appearing 

on the ac port will also influence the voltage waveform on LDM. 

However, since this voltage changes at 50 or 60 Hz, it will not 

influence the switching cycle flux swing calculation. In 

addition, the voltage applied on LCM could be smaller than the 

calculated value depending on how the power stage is 

grounded. However, this equation shows the worst case where 

all the voltage is applied on LCM. If LCM is designed based on 

this criterion, it can work with flexible grounding schemes.  

C. Effect of interleaving on volt-second 

In general, the four interleaved phase-legs can be divided 

into two groups. In Fig. 8, the interleaved phase-legs s1 and s2 

are in one group; s3 and s4 are in the other group. Within each 

group, the two phase-legs are connected through an interphase 

inductor and share the same duty cycle. If the duty cycles are 

considered symmetric around 0.5 for the two groups, i.e., the 

duty cycles are 0.5 + d/2 and 0.5 – d/2 respectively, then the 

sum of the two duty cycles is always equal to one.  

When the two groups of phase-legs are not phase shifted, 

the PWM signals for the upper switches of the four phase-legs 

during one switching cycle are shown in Fig. 10. The driving 

signals for the lower switches are complementary to the upper 

switches. In this figure, the duty cycle is 0.8 for s1 and s2, 0.2 

for s3 and s4. When there is no phase shift, they are all center-

aligned.  

Within each group, the two phase-legs share the same 

duty cycle, but the pulses can be shifted. This is the first 

control variable, α, as shown in Fig. 11. The pulses for s1 and 

s2 are shifted by 0.1Tsw. Considering the symmetry, the 

interleaving angle between s3 and s4 is also α. The gate signals 

can be also shifted between the two groups. This is the second 

control variable, θ. In Fig. 11, the driving signals for s1 and s3 

are shifted by 0.2Tsw. By changing the two angles, the voltage 

and its duration applied on Linter, LDM and LCM will also change.

Tsw
 

Fig. 10.  Driving signals without phase shift. 

α

α

θ

Tsw
 

Fig. 11.  Driving signals with phase shift. 

 
Fig. 12.  Volt-seconds on inductors with different duty cycles. (α = 0.25, θ = 0) 
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The applied volt-second on each component can be 

calculated by synthesizing the time-domain switching 

waveforms. If α is 0.25 and θ is 0, when the duty cycle 

changes from 0 to 1, the volt-second on each component is 

shown in Fig. 12. It can be observed that the values of the 

volt-second change with different duty cycles. Considering the 

different operating conditions of the phase-legs, the inductive 

components should be able to handle the maximum values; 

hence the peak value of each curve is extracted to represent 

the stress on each component corresponding to the specific 

interleaving parameters α and θ. 

Then, the volt-seconds on all the three components are 

scanned with different values of α and θ. The results are 

presented in the 3D plots in Fig. 13, Fig. 14 and Fig. 15. The 

total volume calculated by (10) is plotted in Fig. 16. It is clear 

that when α = 0.25 and θ = 0, the total volume of the DM and 

CM inductors reaches the minimum. In fact, the pulses for the 

four phase legs are evenly distributed under this condition. 

The corresponding volt-second can be read from the graphs, 

i.e. the volt-second is 0.25 on the interphase inductor Linter, 

0.03 on the DM inductor LDM, and 0.125 on the CM choke LCM. 

These values are all normalized to the dc-link voltage and 

switching period, e.g., the volt-second on the interphase 

inductor is 0.25×Vdclink×Tsw, so the result can be used for other 

dc-link voltages and switching frequencies.  

Based on these numbers, the size of the cores and turn 

numbers of the windings can be designed using (4), (5), (8) 

and (9). Because of the high voltage and current stress, a 

nanocrystalline material is used for the cores. For the 

interphase inductors, three winding methods are considered, as 

shown in Fig. 17. Comparing the three methods, sectional 

wingdings have the largest leakage and bifilar windings have 

the smallest leakage. In this application, the leakage 

inductance can be used as the DM inductor, so the sectional 

winding method is used. Another benefit of the sectional 

 
Fig. 13.  Volt-second on the interphase inductor Linter. 

 
Fig. 14.  Volt-second on the differential-mode inductor LDM. 

 
Fig. 15.  Volt-second on the common-mode choke LCM. 

 
Fig. 16.  The weighted total volt-second representing the total magnetics 

volume. 

Lcouple = 18mH

Lleak = 11uH

Lcouple = 63mH

Lleak = 1.8uH

Lcouple = 46mH

Lleak = 0.42uH

sectional double layer bifilar

 
Fig. 17.  Interphase inductor with different winding placements. 

 

Table I.  DM and CM filter parameters. 

 Symbol Value 

AC filters 

Li_ac 18 mH 

LD_ac 187 μH 

LC_ac 3 mH 

CD_ac 20 μF 

RD_ac 1 Ω 

CC_ac 10 nF 

DC filters 

Li_dc 62 mH 

LD_dc 160 μH 

LC_dc 4.9 mH 

CD_dc 10 μF 

RD_dc 1 Ω 

CC_dc 100 nF 

RGND 100 kΩ 

 

-0.5

0

0.5

-0.5

0

0.5
0

0.1

0.2

0.3

0.4

0.5



X: 0.25

Y: 0

Z: 0.2501



N
o
rm

a
li
z
e

d
 V

o
lt

-S
e
c
 o

n
 L

  in
te

r

-0.5
0

0.5

-0.5

0

0.5
0

0.1

0.2

0.3

0.4

0.5



X: 0.25

Y: 0

Z: 0.03007



N
o
rm

a
li
z
e

d
 V

o
lt

-S
e
c
 o

n
 L

  D
M

-0.5 0 0.5-0.5

0

0.5

0

0.05

0.1

0.15

0.2

0.25

X: 0.25

Y: 0

Z: 0.1251




N
o
rm

a
li
z
e

d
 V

o
lt

-S
e
c
 o

n
 L

  C
M

-0.5

0

0.5

-0.5

0

0.5
0.5

1

1.5

2

2.5

3

3.5

X: 0.25

Y: 0

Z: 0.8258



W
e

ig
h
te

d
 T

o
ta

l 
V

o
lt

-S
e
c



0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2830818, IEEE
Transactions on Power Electronics

winding is the reduced capacitance between the coupled 

windings, which benefits the EMI. 

The CM choke is designed similar to the interphase 

inductor, except the conducted current is doubled, so the 

winding wire size needs to be doubled as well. For the DM 

inductor, an air gap is added to store the energy and adjust the 

inductance. To reduce the high-frequency winding resistance, 

Litz wires are used for all the inductors. The final ac and dc 

component parameters are listed in Table I. The component 

symbols can be found in the circuit schematic shown in Fig. 7. 

V. THE DM AND CM CONTROL SYSTEM DESIGN 

The control system includes two parts, one for the ac-dc 

stage and one for the dc-dc stage. The design target is to 

optimize the converter efficiency and generate symmetric dc 

bus to ground voltages. 

A. AC-DC stage DM control system 

For the ac-dc stage control system shown in Fig. 18, Hv_ac 

and Hi_ac are the voltage loop and current loop controllers, 

respectively. The current loop is designed to have a wide 

control bandwidth to track the sinusoidal current reference. A 

resonant controller Ri_ac is used to boost the current loop gain 

at line frequency. The green part highlights an ac grid voltage 

feedforward term which improves the current tracking. The 

voltage loop has a narrow control bandwidth, in the tens of 

hertz range, and regulates the dc-link voltage vdclink with a 

large voltage ripple to allow a reduced dc-link capacitor. In 

order to reduce the impact of large dc-link voltage ripple on 

the current reference, a notch filter at 120 Hz is inserted after 

the dc-link voltage sensing. The PLL is a single-phase phase-

locked loop used to get the grid voltage magnitude and phase 

information. The inner current loop generates the DM duty 

cycle d1–d2 between –1 and +1. This value is then distributed 

around 0.5 to generate the final duty cycles for the two phase-

legs of the ac-dc stage.  

The modeling of a full-bridge ac-dc circuit has been 

discussed in [10], [12], [37]. The transfer function Gid_ac from 

duty cycle dac = d1-d2 to inductor current iac is shown in (18). 

In this equation, Lac is the total ac side DM inductance, Cdclink 

is the dc-link capacitance, Zdc_in is the input impedance of the 

dc-dc stage. The capitalized Dac, Ddc, Vdclink refer to the static 

operating point where the small-signal modeling is conducted. 

Since Cdclink is large, the high-frequency interaction from Zdc_in 

is decoupled. Different from dc-dc converters operating at 

fixed operating points, the transfer function of the ac-dc stage 

varies depending on the duty cycle and load condition. 

However, after the resonant peak caused by Lac and Cdclink, all 

the transfer functions converge to the same first-order system 

_id acG  shown in (20) and Fig. 20 as the black line. This first-

order system can be used for the current loop controller design 

as long as the loop gain has a crossover frequency higher than 

the resonant frequency of
1

2 ac dclinkL C
. 

_

_ 2 2

_ _

2 dc in dclinkac
id ac dclink

ac dc in ac dc in ac dclinkac

sZ Ci
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G V

sLd
     (20) 

The ac current loop controller is a PR (proportional 

resonant) controller. The loop gain after compensation is 

shown in Fig. 21 with the consideration of one switching cycle 

digital delay. The proportional part adjusts the dc gain and the 

bandwidth of the loop gain. The gain curves have a peak at 60 

Hz due to the resonant controller. 
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Fig. 18.  The ac-dc stage controller. 
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Fig. 19.  The dc-dc stage controller. 
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For the voltage loop, the control bandwidth is chosen to 

be below the line frequency, so the current reference can be 

kept sinusoidal during transient operation. To accelerate the 

load response, a dc side load feedforward term is used. As 

presented in [10], [12], [37], the low frequency (<<120 Hz) 

power stage transfer function from ac current reference to the 

ac voltage is shown in (21), based on which a voltage loop PI 

(proportional integral) controller is designed. Since the dc-link 

voltage has large 120 Hz ripple, a notch filter at 120 Hz is 

used to reduce its impact on the ac current reference. 

 

2

_

_

1ac acRMS
vi ac

ac ref dclink dclink

v V
G

i V sC
    (21) 

B. Adaptive dc-link voltage and dc bus power 
feedforward 

Besides the ac current loop and dc-link voltage loop, an 

adaptive dc-link voltage control method is introduced to 

improve the converter efficiency. The proposal is based on the 

observation that, for the same output power, efficiency 

increases as the dc-link voltage decreases. However, the 

minimum dc-link voltage needs to be higher than the dc bus 

voltage and the peak of the ac input voltage to guarantee the 

proper converter operation. Some margin is also necessary for 

load transients. In this study, the minimum dc-link voltage is 

set at 420 V which gives around 10% voltage margin. The red 

components in Fig. 18 constitute the control loop that adjusts 

the dc-link voltage depending on the load condition. The Min 

block is responsible for identifying the minimum dc-link 

voltage within each half line cycle. The block could be a 

moving window that stores line cycle dc-link voltages and 

finds the minimum; or it could be a synchronous sampling 

system that samples at the valley of the dc-link voltage (see 

Fig. 26). The dc-link minimum is compared with the 

predefined reference vmin_ref to calculate the error, after which 

the dc-link voltage adjustment controller Hlk_adj shifts the dc-

link voltage reference. The constant vlk_ref provides the dc-link 

voltage reference if the adaptive dc-link voltage control is not 

enabled. 

Since a very small capacitance is used as energy storage, 

fast load transient response is critical to guarantee the dc-link 

voltage stays within the predefined range. To improve the 

converter response when load steps at the dc side, a power 

feedforward term is represented in orange in Fig. 18. It 

calculates the required ac current corresponding to the 

measured dc side power and changes the ac current reference 

instantly. Thus the ac-dc stage responds rapidly when the dc 

side load changes, instead of waiting for the response of dc-

link voltage controller after the dc-link voltage drops.  

C. DC-DC stage DM control system 

For the dc-dc stage, the full-bridge controls not only the 

DM voltage between the two dc buses, but the CM voltage 

from the buses to ground as well. In Fig. 19, the control loop, 

drawn in black, shows the conventional dual-loop control 

structure to control the DM voltage vdc between the two dc 

buses and the inductor current idc. Hv_dc and Hi_dc are the 

voltage loop and current loop controllers, respectively. Both of 

these loops have a wide control bandwidth to achieve fast 

current and voltage tracking. From the DM point of view, the 

control of the full-bridge dc-dc stage is intrinsically the same 

as a bidirectional buck/boost converter that uses a half-bridge. 

But instead of using the duty cycle of one phase-leg, the DM 

duty cycle of the two phase-legs, i.e., d3-d4, is used in the full-

bridge scenario. The control loops can still be designed 

following the design procedure of a buck/boost converter. Rd 

is the droop resistance that adjusts the dc bus voltage reference 

based on the converter’s output current. The selection of Rd is 

a trade-off between bus voltage regulation and load sharing 

accuracy [38]. 

As derived in [10], [12], [37], the transfer functions from 

duty cycle ddc = d3-d4 to inductor current (Gid_dc) and from 

inductor current reference to output voltage (Gvi_dc) are listed 

 
Fig. 20.  Bode plots of transfer functions from ac duty cycle to ac inductor 
current. 

 
Fig. 21.  Ac-dc stage current loop gain 

 
Fig. 22.  Ac-dc stage voltage loop gain 
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below, where Ldc and Cdc are the dc side filter inductance and 

capacitance. Rdc is the dc side load resistance. 

 _ 2

1dc dc dc
id dc dclink

dc dc dc dc dcdc

i sR C
G V

s L C R sL Rd


 

 
  (22) 
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dc dc
vi dc

dc ref dc dc

v R
G

i sR C
 


  (23) 

The control loop design is carried out to implement a 

stable feedback loop while maximizing the control bandwidth. 

For the current loop, the power stage transfer function is from 

duty cycle to inductor current. Its bode plots with different 

input dc-link voltages and load conditions are drawn in Fig. 23. 

Based on the worst case, a compensator is designed. The 

compensated current loop gain is shown in Fig. 24. The outer 

voltage loop is designed similarly with a PI controller. The 

voltage loop gain is shown in Fig. 25.  

The simulated waveforms with the proposed control is 

shown in Fig. 26. A load step is introduced when t = 1s by 

paralleling a 20 Ω load resistor with the original 100 Ω load at 

the dc side. Pac is the ac power pulsating at 120 Hz. The dc-

link capacitor stores energy during half the cycle and releases 

it during the other half. The minimum dc-link voltage happens 

at the end of the energy releasing. The calculated cos ϕ from 

PLL is in phase with the ac voltage; the square of cos ϕ is in 

phase with the pulsating power. The latter is used to find the 

valley of dc-link voltage. In the valley sampling plot, the blue 

curve is the square of cos ϕ. When it rises and crosses 0.5, the 

sampling signal is triggered. In fact, this sampling method is 

very robust and always occurs at the valley of the dc-link 

voltage even during the load transient because it is based on 

the power synchronization. At the dc side, the dc bus voltage 

drops when the load increases due to the droop characteristic. 

D. CM voltage control system 

For the dc-dc stage control system shown in Fig. 19, 

besides the DM controllers, a CM voltage control loop is 

introduced and highlighted in blue. The negative bus-to-

ground voltage vdcN is sensed as a representation of the dc-side 

CM voltage. The value is compared with the reference that 

equals half of the total dc bus voltage. The error is passed 

through a compensator HCM_dc, which can be a PI controller or 

other advanced structures. The generated CM duty cycle is 

added to both of the original DM duty cycles to generate the 

 

Fig. 23.  Bode plots of transfer functions from dc duty cycle to dc inductor 

current. 

 

Fig. 24.  Dc-dc stage current loop gain 

 

Fig. 25.  Dc-dc stage voltage loop gain 
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Fig. 26.  Simulated ac and dc DM waveforms. 
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final duty cycles d3 and d4 and modulate the two phase-legs of 

the dc-dc stage. It is worth noting that the DM voltage will not 

be changed by the CM control loop because the same value is 

added to the duty cycles of both phase-legs. 

In order to close the CM voltage control loop, a CM 

small-signal model needs to be established. Based on the 

definition of DM and CM quantities, the equivalent CM 

circuit for the converter is presented in Fig. 27, where vC_dc 

and vC_ac are the equivalent CM sources for the dc-dc stage 

and ac-dc stage, respectively, and vC_g is the CM voltage from 

the ac grid. For a split-phase symmetric ac grid, vC_g is zero. 

Because the coupled DM inductors and DM capacitors 

have little influence on the CM quantities, only the CM 

components and non-coupled inductors appear in the CM 

circuit. If we focus on the low-frequency range that impacts 

the control loop design, the circuit can be further simplified as 

described below. 

On the ac side of the circuit, the CM capacitor is 10 nF 

each. The ac grid impedance is in the range of tens of 

microhenrys, e.g. 50 μH. The resonant frequency of 2CC_ac (20 

nF) capacitor and Lg_ac/2 (25 μH) CM inductor is 320 kHz. 

This is much higher than the possible control bandwidth, 

which is usually below several kilohertz. Hence, on the ac side, 

the branch of the paralleled Lg_ac/2 and 2CC_ac can be 

simplified as only Lg_ac/2, and the capacitor can be considered 

as open circuit. Furthermore, since LC_ac>>Lg_ac/2, Lc_ac is 

dominant when deciding the ac-side CM impedance. 

Similarly, on the dc side, the high impedance grounding 

resistance is 100 kΩ, which is much larger than the value of 

Lg_dc within the control bandwidth, so the series branch of 

Lg_dc/2 and RGND/2 can be simplified as RGND/2 only. The CM 

capacitance paralleled to RGND/2 from the downstream dc 

system is considered to be relatively small, and will not 

introduce a resonance frequency low enough to impact the 

control loop design. 

Based on the above simplification, if the ac grid voltage is 

symmetric and the ac-dc stage is symmetrically modulated, 

they do not generate low-frequency CM voltage. The CM 

circuit can be simplified as shown in Fig. 28. 

Since the relative position of LC_dc, vC_dc and LC_ac will not 

influence the transfer function from vC_dc to vC_dcbus, as long as 

they stay in a series branch, the circuit in Fig. 28 can be 

further simplified as Fig. 29. It can be observed that the CM 

circuit is intrinsically a buck converter with a large inductor 

LC_dc + LC_ac, a small output capacitor 2CC_dc, and a large load 

resistor RGND/2. The transfer function behaves as a lightly 

damped second-order system. The design of the CM controller 

is straightforward and can be accomplished by following the 

voltage loop design procedure of a buck converter. 

Defining L=LC_dc+LC_ac, C=2CC_dc, R=RGND/2, the 

transfer function from the CM duty cycle to the dc-side CM 

voltage is: 

 
2

1
||
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1
|| 1
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CM

R
v sCV V

Ld R sL s LC s
sC R

 

  

  (24) 

In Fig. 30, the modeled transfer function from dCM to 

vC_dcbus is compared with a switching circuit simulation that 

injects a series of perturbation and measures the response. The 

results match up very well. In a real circuit, the on-resistance 

of MOSFETs, the parasitic resistance of PCB traces and the 

winding resistance of passive components help to damp the 

resonant peak, but these depend on the specific circuit and are 

not addressed in this paper. 

LC_ac Lg_ac /2

vC_g

 -         +Lg_dc /2

RGND /2

 -         +LC_dc

vC_ac vC_dc 

dclink-

vC_dcbus
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Fig. 27.  CM equivalent circuit of the two-stage converter. 
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Fig. 28.  Simplified CM circuit for CM controller design. 

RGND /2

 -         +LC_dc+LC_ac
vC_dc 

vC_dcbus
2CC_dc

Reference
HCM_dc

dCM

 
Fig. 29.  Final CM circuit with CM control loop. 

 
Fig. 30.  Modeled and simulated CM transfer functions. 

Vdc+
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Fig. 31.  The simulated dc bus-to-ground voltage with CM voltage control. 
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Fig. 31 shows the simulated dc bus-to-ground voltage 

after closing the CM control loop. Compared with waveforms 

in Fig. 6, the bus voltages are symmetric to the ground 

without any ripple. 

Table II summarizes the ac-dc stage and dc-dc stage 

controller parameters. These controllers are further discretized 

to z domain for realization in a DSP controller. 

VI. EXPERIMENTAL RESULTS 

A. Pluggable phase-leg module design 

Under interleaving, the converter requires a total of eight 

phase-legs. The concept of modular design is adopted to 

achieve better maintainability and scalability. A pluggable 

phase-leg card is designed as the basic unit to construct the 

converter. Fig. 32 shows the structure of a single phase-leg 

card. Two isolated power supplies and gate drivers are 

included in each card for the upper and lower MOSFETs. The 

gate driver ICs accept the PWM signals from the controller 

and drive the MOSFETs. The card also includes desaturation 

protection for over-current and active clamping to prevent the 

false turn-on during switching transient. When an error occurs, 

the protection circuit turns off the driving signals immediately 

and issues a fault signal to notify the controller. A few small 

decoupling capacitors are put near the MOSFETs to minimize 

the switching power loop and reduce the voltage overshoot 

during the device turning-off. 

Fig. 33 shows the printed circuit board (PCB) design of 

the phase-leg card. The gate drivers and power supplies are 

placed on the front side of the PCB while two MOSFETs in 

TO-247 package are attached to the heat sink and placed on 

the back side. It is important to minimize the device driving 

loop, as shown by the orange loop. The gate drivers are put 

very close to the device with gate resistor Rg and decoupling 

capacitors Cdecouple. If the loop covers a large area, the parasitic 

inductance causes gate voltage overshoot or undershoot, 

which may falsely turn on the device or damage the device 

gate terminal. The signal and power terminals are arranged at 
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Fig. 32.  Structure of a single phase-leg card. 

MOSFETs and heat sink are on the back side.
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Fig. 33.  A pluggable 5 kW phase-leg card. 

 
Fig. 34.  MOSFET turn-on waveforms. 

 
Fig. 35.  MOSFET turn-off waveforms. 

 
Fig. 36.  Desaturation/over-current protection test. 

Table II.  Summary of controller parameters. 
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_i acR    2 2

/

1 / /

c
r

c c

s
K

s Q s



  
 

2 60, 1, 10c rwhere K Q      

_v acH   0.14 85s

s


 

Notch  

2 2

2
22 2

2

2 120
40

c
c

c

s
where

s s


 




 

 
 

_lk adjH  
20s

s


 

dc-dc 

stage 

_i dcH  
 

191

1 0.001s s
 

_v dcH   0.066 983s

s


 

_CM dcH  
1.143

s
 

dR  20 / 25 0.8V A   

 



0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2830818, IEEE
Transactions on Power Electronics

the bottom of the card. The thicker pins are for power 

transmission and the thinner pins are for the PWMs and fault 

signals. 

The phase-leg card is tested under nominal voltage and 

current by double pulse testing. Fig. 34 and Fig. 35 show the 

magnified waveforms for the turn-on and turn-off transients 

with a 5.1 Ω gate resistor. In the graph, Vgs is the gate-to-

source voltage, Vds is the drain-to-source voltage, and Id is the 

drain current. The switching dv/dt is 30V/ns and the di/dt is 

2A/ns during the turn-on transient. The gate voltage and drain 

voltage have some ringing but the magnitude is well within 

the MOSFET rating. 

The over-current protection is also tested by applying a 

long pulse to the device to simulate a short circuit. During the 

pulse, the device is turned on and the device current continues 

increasing. When the current reaches the predefined value, the 

device turns off automatically to prevent any damage. In the 

test, the device turns off its gate signal when the current 

exceeds 80 A, as shown in Fig. 36.  

B. Converter test results 

The complete converter with both ac-dc and dc-dc stages 

is built using eight phase-leg cards and is shown in Fig. 37. 

The switching frequency is 40 kHz. Fig. 38 shows the 

bidirectional converter test configuration that has sources and 

loads on both ac and dc sides. A current source power supply 

is connected to the dc side to emulate renewable sources like 

solar and wind. In Fig. 39, the experimental results for the DM 

ac voltage, dc-link voltage and dc bus voltage under 

rectification mode are shown. The dc-link voltage is designed 

to have a large voltage ripple to effectively reduce the required 

capacitors. Fig. 40 and Fig. 41 shows the converter operation 

under light load and heavy load conditions. The dc-link and dc 

bus voltages are measured in ac-coupling mode. It is clear that 
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Fig. 37.  Picture of the 10 kW two-stage ac-dc power converter. 
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Fig. 38.  Bidirectional converter test configuration. 
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Fig. 39.  The DM ac voltage, ac current, dc-link voltage and dc bus voltage. 
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Vpk-pk = 20V

Vdc measured with ac coupling (10V/div)
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Fig. 40.  The ac voltage, ac current, dc-link and dc bus voltage ripple under 
light load. 
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Vdc measured with ac coupling (10V/div)
Vpk-pk = 3.5Vtime: 10ms/div  

Fig. 41.  The ac voltage, ac current, dc-link and dc bus voltage ripple under 

heavy load. 
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Fig. 42.  Symmetric dc bus to ground voltages 
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Fig. 43.  Transition from rectifying to inverting due to a dc side load step-
down. 

 
Fig. 44.  Unity power factor operation and ground leakage current. 

Vac (200V/div)
Iac (20A/div)

Ig (100mA/div)  RMS=16mA



0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2830818, IEEE
Transactions on Power Electronics

the dc-link voltage has a higher ripple under heavy load. The 

maximum dc bus voltage ripple is 3.5 V peak-to-peak, which 

is smaller than 1% of dc bus voltage. Fig. 42 shows the dc bus 

to ground voltages. With the CM filter and full-bridge dc-dc 

stage, the resultant bus voltages are clean and symmetric to the 

ground. Fig. 43 shows the transient waveform when a load at 

dc bus side is suddenly disconnected. If the dc side renewable 

power is larger than the load consumption, the converter 

works as an inverter and sends the extra power back to the ac 

grid. The dc bus to ground voltages are recorded to 

demonstrate the performance of the CM controller. After some 

transient, the bus voltages are again regulated symmetric to 

the ground. Fig. 44 measures the ac-side power quality and the 

grounding leakage current during unity power factor operation. 

The measured power factor is unity and the THD is 2.6 %. 

The leakage current shown in red is the current flowing 

through the ac- and dc-side ground, and the rms value is 16 

mA. It is smaller than the 30 mA requirement by most residual 

current protective devices and safety standards. 

The converter efficiency under a 2 kW load condition 

with different dc-link voltages is plotted in Fig. 45. The lower 

the dc-link voltage is, the higher the efficiency will be. Using 

the adaptive dc-link voltage control, the converter efficiency is 

measured and compared with the case using a fixed 500 V dc-

link. The result is shown in Fig. 46. The solid lines are the 

efficiency with adjustable dc-link voltage while the dashed 

lines are with fixed dc-link. When the load is light, the voltage 

ripple on the dc-link is small, so the dc-link voltage can be 

lowered, which improves the efficiency. When the load is 

heavy and voltage ripple increases, the dc-link voltage has to 

be increased. Under very heavy load, the dc-link voltage is 

adjusted to the same value as the fixed condition, so the 

efficiency is also the same. With the adaptive dc-link voltage, 

the converter efficiency is always higher than 97 % when 

operating between 20 % and 50 % load.  

Finally, the efficiency of the developed converter, ECC 

Gen 2, is compared with the first generation ECC in [10], [11]. 

The efficiency is increased from 90 % to more than 97 %, as 

shown in Fig. 47, due to the adoption of the state-of-the-art 

SiC MOSFETs and the optimized converter design. It is worth 

noting that, ECC Gen 1 was developed with the targets to 

achieve high power density, simple structure and low cost. 

With the development of semiconductor technology, using 

better silicon or SiC devices to update ECC Gen 1will also 

achieve a higher efficiency but the CM decoupling feature is 

still missing.  

Fig. 48 shows the converter loss from MOSFET 

switching, MOSFET conduction, interphase inductors, CM 

chokes and DM inductors. The semiconductor switching 

losses are obtained by conducting the double-pulse test on the 

designed phase-leg module card. The inductor losses are 

estimated by combining the core loss and winding loss using 

equations from [39]. The blue bars show values for the ac-dc 

stage while the yellow bars show the dc-dc stage. The loss for 

the ac-dc stage is higher than the dc-dc stage mainly because 

the ac side voltage is lower and requires a higher rms current 

to transmit the same power. The loss on the DM inductor of 

the dc-dc stage is a little bit higher because its core material is 

amorphous, which has a larger loss density. However, due to 

the limited size of available nanocrystalline cores, an 

amorphous core is used for the dc-side DM inductor to reduce 

the inductor size, with a small penalty in terms of efficiency. 

VII. CONCLUSION 

A converter topology with its filter and controller design 

are discussed to satisfy the demand for interconnecting 380 V 

 
Fig. 45.  Relation between converter efficiency and average dc-link voltage 
under 2 kW load condition. 

 
Fig. 46.  Efficiency improvement with adaptive dc-link voltage. 

 
Fig. 47.  Efficiency comparison between ECC Gen 1 (IGBT) and Gen 2 (SiC). 

 
Fig. 48.  Loss breakdown for ac-dc and dc-dc stages. 
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bipolar dc microgrids and the single-phase ac utility. The two-

stage full-bridge topology reduces the required double-line 

frequency capacitors and attenuate the CM coupling between 

the grounded ac and dc systems. Both the interleaving of SiC 

MOSFETs and adaptive dc-link voltage control are effective 

approaches to improve the converter efficiency. The volt-

second applied on each inductive component is a good 

indicator to estimate the size and assist the magnetics design. 

By choosing different interleaving angles, volt-seconds and 

volumes of different inductive components change with 

different trends which requires a system optimization to 

achieve the minimized total volume. Pluggable phase-leg 

module design has the advantages of better maintainability 

and scalability. A 10 kW converter prototype is built using 

developed modules and achieves an efficiency > 97 % under a 

wide load range. Lastly, the CM voltage on the dc bus is 

controlled by incorporating a CM voltage controller to the 

full-bridge dc-dc stage. The control loop transfer function is 

similar to a buck converter, so the compensator design is 

straightforward after identifying the values of critical 

components. With the decoupled topology and CM controller, 

the dc bus voltages are symmetric to the ground without any 

ripple. 
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