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An autonomous DC microgrid system that uses a triple active bridge (TAB) converter as a power routing unit is
proposed. A control system that can independently manage the current and voltage of each port is needed to construct
the microgrid. This paper describes how the decoupling power flow control system is implemented in the prototype
TAB converter rated at 400 V, 10 kW, and 20 kHz. The validity of the system was demonstrated by measuring the step
response of the TAB converter. The experimental results showed that the system provided the designed dynamic char-
acteristics from the viewpoints of output current control and constant voltage control. Decoupling power flow control
between each port was also achieved.
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1. Introduction

To ensure the security of self-sufficient energy supplies and
to prevent climate change, we need to achieve an autonomous
DC microgrid system that can promote local power genera-
tion for local power consumption (1)–(11). To construct a DC
microgrid with a large number of renewable energy sources,
the demand and supply balance of the power in the microgrid
must be adjusted by utilizing energy storage. Furthermore,
this microgrid system will need to be easy to construct, ex-
tend, and maintain at low cost.

In response to these requirements, we propose a three-
way power router that can be used as a unit cell of a micro-
grid composed of a triple active bridge (TAB) converter and
AC/DC converters that can be connected to each I/O port of
the TAB converter. Hence, the power router can manage both
AC and DC power (11).

When the microgrid is constructed with a three-way power
router, the control objective of each port should change de-
pending on the situation, as shown in Fig. 2. All ports’
voltages have to be kept constant to drive the TAB con-
verter. Therefore, when the two TAB converters are con-
nected through the DC bus, one has to control the DC voltage
at least, as shown in Fig. 2. By having one control the volt-
age, the other one can control the current through the DC bus,
that is, the transmission power in a microgrid becomes con-
trollable. When the load is connected to one port of the TAB
converter, the output voltage of that port has to be constant to
supply energy stably. Besides, when the global grid is con-
nected through the AC/DC converter, the TAB converter can
control the output current because the voltage of the port is
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Fig. 1. Three way power router

Fig. 2. Variety of controls

controlled by the AC/DC converter. The batteries are impor-
tant components in the microgrid. They work as an energy
buffer in the grid because they can absorb and supply the en-
ergy. Voltage control and current control are necessary func-
tions to construct the microgrid with TAB converters.
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Fig. 3. An autonomous DC microgrid system

Figure 3 shows an autonomous DC microgrid system con-
sisting of TAB converters. In a grid system, power flow is
controlled by TAB converters, and demand and supply bal-
ance can be adjusted by controlling the transmission power
of TAB converters between three ports. The DC microgrid
we proposed has a larger amount of loss than the typical DC
microgrid with DAB converter. However, the ease of expan-
sion and the reliability of the power supply are advantages.

First, the power supply system needs to have very high reli-
ability during disasters. The microgrid we proposed can have
several transmission lines for power supply. In addition, each
DC bus in Fig. 3 is isolated with a three-winding transformer
in a TAB converter. If a short-circuit fault occurs in a DC bus,
only the fault bus is affected owing to the isolation. Namely,
the microgrid can keep operating even if the some buses have
a short circuit fault.

Second, the microgrid should be extended easily. Further-
more, power supply to the consumer must not be stopped dur-
ing the construction. As shown in Fig. 2, the transmission
power through each bus can be controlled actively by TAB
converters. That is, the transmission power through the bus
at the construction point can be regulated at zero current, and
it can be disconnected safely. In addition, because the micro-
grid has several transmission lines, power can be continually
supplied. Namely, the construction can be carried out safely,
and the power supply does not need to be stopped.

The voltage drop problem in the DC bus is also a criti-
cal issue for the DC microgrid with DAB converters and the
common DC bus. DC voltage regulators such as batteries and
fuel cells have to be installed in the appropriate point to reg-
ulate the voltage in the DC bus (12). Therefore, the place and
number of voltage regulators must be considered again when
the structure of the microgrid is changed to respond to the
variation in demand. In contrast, for the microgrid with the
TAB converter shown in Fig. 3, voltage regulators for each
DC bus are not necessary because one of the TAB converters
at both ends of a DC bus controls the voltage. Therefore, the
microgrid can be expanded and contracted flexibly.

Difficulty occurs in matching the transmission power with
the command value in a microgrid with a large number of
converters due to some disturbances such as dependency of
overall loss in the converter (13) and parameter dispersion of
passive elements. Moreover, the transmission power of one

Fig. 4. Circuit configuration of TAB converter

port in the converter interferes with other ports.
Therefore, this paper presents a decoupling power flow

control system including current control and voltage control.
Then, it describes the system implementation in the proto-
type TAB converter and shows a demonstration of the sys-
tem’s validity in a measurement of the step response. The
rest of this paper is organized as follows. Section 2 explains
the circuit configuration of the TAB converter, which is a ba-
sic component of the three-way power router, and basic equa-
tions for power flow control. Section 3 explains the decou-
pling power control system of the TAB converter and details
how the closed-loop transfer function of the system is derived
from basic equations. The implementation method of the sys-
tem in the prototype TAB converter is described in Section 4.
The experimental results for the prototype with the system,
rated at 400 V and 10 kW, are presented in Section 5. We
conclude with a brief summary in Section 6.

2. Basic Equations

The circuit configuration of the TAB converter (14) (15) is
shown in Fig. 4. The TAB converter consists of full bridge
inverters, external inductors, and a three-way transformer.
Here, f sw is the switching frequency of gate control signals,
V is the DC voltage, and Le1, Le2, and Le3 are the external
inductances. When the phase shift control signal for the full
bridge cell of the primary port is the reference signal, δ2 [rad]
is the phase shift of the control signals between the primary
and secondary ports, and δ3 [rad] is the phase shift of the con-
trol signals between the primary and tertiary ports. When
the three-winding transformer, the external inductors, and
SiC-MOSFETs are ideal components, the basic equations of
transmission power P1, P2, and P3 are given by equations (1),
(2), and (3), where A = Le1Le2 + Le2Le3 + Le3Le1

(15).

P2=
δ2 (π−|δ2|) V1V2Le3+(δ2−δ3) (π−|δ2−δ3|) V2V3Le1

2π2 fswA
· · · · · · · · · · · · · · · · · · · · (1)

P3=
δ3 (π−|δ3|) V1V3Le2+(δ3−δ2) (π−|δ3−δ2|) V2V3Le1

2π2 fswA
· · · · · · · · · · · · · · · · · · · · (2)

P1 + P2 + P3 = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

As shown in equations (1) and (2), δ2 and δ3 are the control
variables for the transmission power of each port. When the
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transmission power of two of the three ports is determined,
the other can be determined automatically.

3. Decoupling Power Flow Control System

This section describes the closed-loop power flow control
system with decoupling power control of the TAB converter,
hereinafter called the decoupling power flow control system.
In this system, two port currents of the converter I2 conv and
I3 conv are the control objectives. Here, I2 conv = P2/V2 and
I3 conv = P3/V3.

The mathematical model of the control objective is gener-
ally essential to construct the feedback control system. Con-
structing the decoupling power flow control system includes
three difficulties. First, equations (1) and (2) are not linear for
δ2 and δ3. Second, equations (1) and (2) have six variations
due to the magnitude relationship of δ2 and δ3. Third, P2 and
P3 are the two-variable functions of δ2 and δ3, as shown in
equations (1) and (2), i.e., the variation in transmission power
of one port interferes with other ports. Therefore, to construct
the system, we need linear models established regardless of
the magnitude relationship of δ2 and δ3. Moreover, decou-
pling control is needed to eliminate the interference between
the secondary port’s control and the tertiary port’s control.

Numerous studies about averaging methods of switching
converters have been reported (16)–(20). However, the conven-
tional state-space averaging method is difficult to adapt for
the TAB converter because the integral value of the external
inductor current over one cycle is zero. Therefore, in this pa-
per, the dynamics of all passive components in the TAB con-
verter are neglected, and the transfer function of the control-
to-output is obtained from basic equations, which are estab-
lished with low operating speed.

First, the sinusoidal approximation shown in equation (4)
is applied to equations (1) and (2) to enable these equations
to be made regardless of the magnitude relationship of δ2 and
δ3.

δ(π − |δ|) ≈ X sin δ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)

Here, the constant X can be derived by calculating the
Fourier coefficient, as shown in (5).

X =
1
π

∫ π
−π
δ (π − |δ|) sin δ dδ =

8
π
· · · · · · · · · · · · · · · · (5)

Then, the basic equations of converter currents become
equations (6) and (7).

I2 conv =
P2

V2
=

4(V1Le3 sin δ2 + V3Le1 sin (δ2 − δ3))
π3 fswA
· · · · · · · · · · · · · · · · · · · · (6)

I3 conv =
P3

V3
=

4(V1Le2 sin δ3 + V2Le1 sin (δ3 − δ2))
π3 fswA
· · · · · · · · · · · · · · · · · · · · (7)

Four solutions of δ2 and δ3 satisfying the command value
can be obtained from equations (1) and (2) at maximum.
However, the solution with the lowest conduction loss is close
to the origin on the δ2-δ3 plane (14). Therefore, the linear ap-
proximation around the origin on the δ2-δ3 plane is applied
to equations (6) and (7) to construct a linear system. As a
result, the linear model of the TAB converter, which includes

Fig. 5. Block diagram for a decoupling process

converter currents I2 conv and I3 conv, becomes equation (8).[
I2 conv

I3 conv

]
= G

[
δ2
δ3

]

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

4 (V3Le1 + V1Le3)
π3 fswA

−4 V3Le1

π3 fswA

−4 V2Le1

π3 fswA
4 (V2Le1 + V1Le2)

π3 fswA

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
[
δ2
δ3

]

· · · · · · · · · · · · · · · · · · · · (8)

As shown in equation (8), I2 conv and I3 conv interfere. By
considering the inverse matrix of G, the interference can
be eliminated. δ2 and δ3 are defined as equation (9) with
medium variations r2, r3, and the matrix H, which is the in-
verse matrix of G.[

δ2
δ3

]
= H

[
r2

r3

]
= G−1

[
r2

r3

]
· · · · · · · · · · · · · · · · · · · · · · · · · (9)

By substituting equation (9) into (8), both I2 conv and I3 conv

become the one-variable functions of r2 and r3. That is, the
transmission power of each port can be controlled indepen-
dently because the interference between I2 conv and I3 conv is
eliminated by matrix H. The decoupling matrix H is given by
equation (10), where B = V3Le1Le2 + V1Le2Le3 + V2Le3Le1.

H =
1
B

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
π3 fS W A(V1Le2 + V2Le1)

4 V1

π3 fS W AV3Le1

4 V1
π3 fS W AV2Le1

4 V1

π3 fS W A(V1Le3 + V3Le1)
4 V1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
· · · · · · · · · · · · · · · · · · · · · · · · (10)

The block diagram of the decoupling process is shown in
Fig. 5, and the equation becomes (11).[

I2 conv

I3 conv

]
=

[
G11 G12

G21 G22

] [
H11 H12

H21 H22

] [
r2

r3

]
· · · · · · · · · · (11)

4. Implementation of the System

The decoupling power flow control system proposed in
Section 3 was implemented in a 32-bit, 60 MHz micro-
computer, RX64M (Runesas). The micro-computer calcu-
lated the value of phase shifts δ2 and δ3 with a switching fre-
quency f sw of 20 kHz. The DC output currents and voltages
were sampled using an internal 12-bit A/D converter with a
sampling frequency of 83 kHz.

Figure 6 shows the implemented TAB converter, Table 1
lists the specifications, and Fig. 7 shows the implemented
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Fig. 6. Implemented TAB converter

Table 1. Specifications of prototype TAB converter

Fig. 7. Block diagram of implemented decoupling
power flow control system

control loops of the decoupling power flow control system.
Primary and tertiary ports’ voltages V1 and V3 were regulated
to 400 [V] using the external voltage source in Fig. 6, and the
converter controlled the output current of the tertiary port I3.
However, the secondary port was connected to load R, and
the converter controlled its output voltage V2. GLPF V2(s) and
GLPF I3(s) are the transfer functions of the low pass filters.
These filters output the V2 and I3, as shown in equations (12)
and (13).

V2 = GLPF v2 (s) I2 conv =
R

1 + sRCDC
I2 conv · · · · · (12)

I3 = GLPF I3 (s) I3 conv =
1

1 + sRsCDC
I3 conv · · · · (13)

GAD V2 (s) and GAD I3 (s) represent the A/D converter’s de-
lays, which are the sample and hold time in the A/D converter

and conversion time. The sum of the A/D converter’s delays
is 2.0 μs. GAVE V2(s) and GAVE I3 (s) are the transfer functions
of the moving average with 16 points. These moving average
blocks output V2 AVE and I3 AVE. In this implemented system,
only the output voltage of secondary port V2 is a variable in
equation (9) because the other ports’ voltages were fixed to
400 [V] using external voltage sources. Therefore, the decou-
pling matrix H was calculated using each switching period
with the specifications shown in Table 1 and V2 AVE to obtain
matrix H accurately. GPI V2 (s) represents the PI controller
for regulating the output voltage V2, and GI I3 (s) is the in-
tegral controller to manage the output current of tertiary port
I3. They needed to be discretized to implement them into a
micro-computer. In this system, the controllers are written as
shown in equations (14) and (15) using the backward Euler
method.

r2 [n] = Kp V2
(
V∗2 − V2AVE [n]

)
+

n∑
k=0

(V∗2 − V2AVE [k])

fS W × Ti V2

· · · · · · · · · · · · · · · · · · · (14)

r3 [n] =
n∑

k=0

(I∗3 − I3 AVE [k])

fS W × Ti I3
· · · · · · · · · · · · · · · · · · · (15)

5. Experimental Results

This section reports the experimental results for the pro-
totype TAB converter, in which the decoupling power flow
control system was implemented. Figure 8(a) shows the pro-
totype, and Fig. 8(b) shows the external inductors and three-
winding transformer. The circuit configuration and parame-
ters are shown in Fig. 6 and Table 1, respectively. The pri-
mary and tertiary ports’ voltages were fixed to 400 V using
external voltage sources, and the output current of the tertiary
port I3 was controlled. However, the secondary port was con-
nected to load R, and its output voltage V2 was controlled.

Figure 9 shows the experimental results with the decou-
pling power flow control system. In the first state, the load R
= 180Ω was connected to the secondary port, and the com-
mand value of the secondary port V2

∗ = 400 V. However,
the command value of the tertiary port I3

∗ = 8.0 A. In this
state, the voltage of the secondary port was kept at 400 V,
and the current of the tertiary port was 7.9 A. The transmis-
sion power through the secondary and tertiary ports was 0.80
and 3.16 kW, respectively. In the second state, the load R was
changed to 45Ω from 180Ω. The command values of both
ports were the same as those in the first state. The current
through the secondary port became 8.9 A. The voltage was
decreased to 391 V at once, and it recovered to 400 V within
100 ms. At the same time, the current through the tertiary
port was regulated to be constant. In this state, the transmis-
sion power through the secondary and tertiary ports was 3.56
and 3.16 kW. In the final state, the command value of the ter-
tiary port I3

∗ was changed to 16.0 A from 8.0 A, and the load
connected to the secondary port was the same as that in the
second state. In this state, the transmission power through
the secondary and tertiary ports was 3.56 and 6.24 kW. I3

was changed to the command value with no overshoot, and
the time constant Td was 25.1 ms. Moreover, interference
between the secondary port control and tertiary port control
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(a)

(b)

Fig. 8. (a) Prototype TAB converter (b) Three-winding
transformer and external inductors

Fig. 9. Experimental results with decoupling matrix

was not observed. Some bit error was evident between the
command value and measured value of the DC current and
voltages. This was due to an error in the calibration of the
measurement system for the prototype TAB converter.

As shown in Fig. 10, the interference between the sec-
ondary port control and tertiary port control was observed
when the decoupling matrix H was not installed. All con-
ditions were the same except for the decoupling matrix H.
When the decoupling matrix was not active, the secondary
port control varied only δ2, and the tertiary port control var-
ied only δ3. At the beginning of the second state, I3 was de-
creased to 5.5 A under the same command value I3

∗ = 8.0 A.
Namely, I3 was decreased by 30% due to the interference.

Figure 11(a) and (b) show the steady states of inverter volt-
age u1, u2, and u3 and inverter currents ILe1, ILe2, and ILe3

in the final state. The phase shifts δ2 and δ3 were 0.59 and

Fig. 10. Experimental results without decoupling ma-
trix

(a)

(b)

Fig. 11. (a) Waveforms of inverter voltages (b) Wave-
forms of inverter currents

0.71 [rad], respectively. These phase shifts regulated to the
solutions were close to the origin on the δ2-δ3 plane. That
is, the system operated with the lowest conduction losses. As
shown in Fig. 11(b), the biased magnetization of the external
inductors and three-winding transformer were not observed.

These experimental results show that the implemented
TAB converter can control both the voltage and current. In
addition, the decoupling power flow control system was ef-
fective in eliminating the interference. Namely, the microgrid
shown in Fig. 3 can be constructed by utilizing TAB convert-
ers.

6. Conclusion

A decoupling power flow control system that can manage
the power flow between three ports was designed and imple-
mented in a prototype triple active bridge (TAB) converter
rated at 400 V, 10 kW, and 20 kHz. The validity of the system
was demonstrated by measuring the step response of the TAB
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converter. The experimental results showed that the system
provided the designed dynamic characteristics from the view-
point of output current control and constant voltage control.
Decoupling power flow control between each port was also
achieved.

Both voltage and current controls are essential functions of
a TAB converter to construct autonomous DC microgrid sys-
tems with multi-TAB converters. Therefore, our test through
the stand-alone operation of the TAB converter revealed that
a prototype of the DC microgrid can be constructed using
TAB converters with the decoupling power flow control sys-
tem that we developed.
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