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Abstract: This paper proposes a half-bridge voltage balancer with a new controller for bipolar DC
distribution systems. The proposed control scheme consists of two cascaded Proportional Integral (PI)
controls rather than one PI control for balancing the pole voltage. In order to confirm the excellence
of voltage balancing performance, a typical bipolar DC distribution system including a half-bridge
voltage balancer with proposed controller was analyzed by computer simulations. Experiments with
a scaled prototype were also carried out to confirm the simulation results. The half-bridge voltage
balancer with proposed controller shows better performance than the half-bridge voltage balancer
with one PI control for balancing the pole voltage.

Keywords: bipolar DC distribution system; grid-tied converter; half-bridge voltage balancer;
Proportional and Integral (PI) control; photovoltaic (PV) generator; battery energy storage (BES);
super-cap energy storage (SCES)

1. Introduction

DC distribution systems convert AC power into DC power via a rectifier, and then supplies this
power directly to the DC load. However, since DC sources such as photovoltaic (PV) and fuel cells
(FCs) have been introduced, the concept of DC distribution systems has been expanded to a combined
operation with these DC sources. Particularly, such DC distribution system structures have been
defined as DC micro-grids [1–5].

DC distribution systems can avoid the use of transformers consisting of cores and coils so that
the space requirements are much smaller than that of existing AC distribution systems and they can
transfer a larger power capacity even if the same lines are used. In addition, they do not consume
reactive power and do not require frequency regulation, and only require voltage regulation. It is also
advantageous in terms of efficiency that the output power of distributed generators and energy storage
are converted into constant voltage DC power through single stage conversion. However, removing
DC line faults is not easy, so the development of DC circuit breakers is an issue [6,7].

A unipolar system is proposed in the DC distribution system, which consists of positive and
negative terminals, but the supply reliability is low, although the structure is simple. A bipolar system,
which consists of positive, negative, and neutral terminals, can improve the supply reliability. The
converters in the bipolar system can operate with relatively low-rated voltage, thereby securing
converter cost competitiveness. In addition, it has higher safety since the neutral terminal is
grounded [8,9].

One disadvantage of the bipolar DC distribution system is the occurrence of voltage unbalance
between the positive and negative poles. A half-bridge voltage balancer with only proportional (P)
voltage control was first proposed to solve this unbalance problem [9]. However, the proposed control
in [9] displays low accuracy because it has only proportional control without integral control. In order
to improve the balancing performance, a dual-buck voltage balancer with proportional integral (PI)
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control of voltage was proposed [10]. This voltage balancer offers better accuracy than the previous
voltage balancers, even though the number of components is more.

In this paper, a half-bridge voltage balancer with cascaded two PI controls to regulate the current
and voltage was proposed for the bipolar DC distribution system. The design procedure for the new
control was described in detail and its performance was compared with that of the dual-buck voltage
balancer. The operation of the bipolar DC distribution system with proposed control was analyzed
with computer simulations. A scaled prototype of the bipolar DC distribution system was built and
tested to verify the simulation results.

2. Bipolar DC Distribution System

2.1. System Configuration

Figure 1 shows the bipolar DC distribution system configuration considered in this paper. The
main DC power is supplied from the three-phase AC grid through an AC/DC converter, while the
PV generator, BES (battery energy storage), and SCES (super-cap energy storage) are connected to
the two bus lines, respectively. Two DC loads with different capacities are connected to the positive
and negative poles, respectively. A voltage balancer is connected next to the AC-DC converter for
compensating the voltage unbalance between the positive and negative poles due to the different
load capacity.

Figure 1. Bipolar DC distribution system.

Normally batteries cannot absorb the surplus power rapidly due to their slow charging process,
while the super-cap can absorb transiently generated power, so a battery and super-cap are connected
in parallel to operate in a hybrid form.

The controller for the bipolar DC distribution system is divided into the upper level control
and the lower level control. The upper level control function is the supervision of the whole system
operation which includes islanding detection and power management. Many islanding detection
methods are already developed and can be applied for the bipolar DC distribution system [11–13]. In
this paper it is assumed that islanding is detected when the system recognizes the AC grid voltage to
be zero.

The power management scheme is divided into two categories, namely a grid-tied mode and
an islanded mode, depending on the fault status of the AC grid. Power management algorithms for
the unipolar DC micro-grid like those described in reference [2] can be applied for the bipolar DC
distribution system.

2.2. Upper Level Control

Figure 2 shows a power management logic configuration in both grid-tied mode and islanded
mode. Figure 2a shows a battery energy storage operation scheme in grid-tied mode. In this mode, the
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grid-tied converter operates to maintain the DC grid voltage. The power produced by the photovoltaic
system is measured and if this value is larger than the power consumed in the load, the difference is
charged into the energy storage first. After then, if the energy storage is fully charged, the power is
supplied to the associated AC power network. If the power produced by the PV generator is smaller
than the power consumed in the load, the difference is taken from the power stored in the energy
storage first. After that, if the energy storage is in a fully discharged mode, the required power is taken
from the AC power network.

Figure 2. Power management logic: (a) Grid-tied mode; (b) Islanded mode.

Figure 2b shows an battery energy storage operation scheme in islanded mode. In this mode
the super-cap converter operates to maintain the DC grid voltage. The power produced by the PV
generator is measured and if this value is larger than the power consumed in the load, the difference is
charged into the energy storage first. After that, if the energy storage is in a fully charged mode, the
surplus power should be removed. If the power produced by the PV generator is smaller than the
power consumed in the load, the difference is taken from the power stored in the energy storage first.
After then, if the energy storage is fully discharged, load sharing is carried out.

2.3. Lower Level Control

The low level control function is to maintain the DC grid voltage constant and to regulate all the
DC power from the sources, energy storages, and loads by controlling the converters. Figure 3 shows
a schematic diagram for the converter control in the bipolar DC distribution system considered in
this paper.



Energies 2016, 9, 182 4 of 17

Figure 3. Power converter controller.

In grid-tied mode, the grid-tied converter maintains the DC grid voltage through voltage control
while other DC-DC converters control their output power through current control. In islanded mode,
the grid-tied converter is disconnected and the DC-DC converter in battery storage or super-capacitor
operates in voltage control mode to maintain the DC grid voltage. Other DC-DC converters operate in
current control mode to regulate the output power.

The AC/DC converter controls the DC grid voltage by absorbing power from or delivering power
to the AC grid when it operates in grid-tied mode. It separates the DC grid from the AC grid by
removing the gate pulses when a fault occurs in the AC grid. The reference voltage is applied to the
voltage controller to maintain the DC grid voltage constant, and the reference current generated here
is compared with the actual current of the system via the current controller thereby generating 3-phase
PWM gate pulse [14,15].

The DC-DC converter for the PV generator boosts the output voltage of solar array, which changes
according to solar radiation and temperature, up to the DC grid voltage. This converter performs the
maximum power point tracking (MPPT) control to generate the maximum power from the given solar
radiation and temperature. In this paper, perturbation and observation (P&O) scheme was applied.

An interleaved three-phase DC-DC converter was used for the battery and super-cap storages,
which operates in bidirectional mode for charging or discharging. This converter can reduce
the ripple currents flowing into the battery and super-cap by combining three 120˝ phase-shifted
waveforms [16–19].

The DC-DC converters for the DC loads operate in buck mode to regulate the output voltage
across the resistive load for simulating the variable power consumed in the load. The unbalanced loads
connected to the positive and the negative poles can be simulated by operating the DC-DC converter
with different duty ratios.

2.4. Dual-Buck Voltage Balancer

Figure 4 shows the power circuit of the dual-buck voltage balancer and its controller proposed
in [10], including two unbalanced resistive loads. It consists of two IGBT switches, two diodes, two
inductors, and two capacitors. When the load resistor R1 is larger than the load resistorR2, the switch
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S1operates in ON/OFF mode while the switch S2 is continuously OFF. When the load resistor R1 is
smaller than the load resistor R2, the switch S2 operates in ON/OFF mode while the switch S1 is
continuously OFF.

Figure 4. Dual-buck voltage balancer: (a) Power circuit; (b) Controller.

The controller measures the positive and negative pole voltages, vP and vN . Their sum is divided
by 2 to obtain the reference voltage vre f to be compared with vN . The difference is passed through
the voltage regulator to generate the reference signal. The reference signal and its reversed signal are
compared with the triangular carrier to generate the gate pulses for the switches S1 and S2. The main
disadvantage of a dual-buck voltage balancer is the requirement for a greater number of components
which represents a cost and reliability burden. Also, the control accuracy is rather low because the
controller only has one voltage regulator.

3. Half-Bridge Voltage Balancer

Figure 5 shows the power circuit of the half-bridge voltage balancer and its two controllers
analyzed in this paper [7,9,20]. When the load resistor R1 is larger than the load resistor R2, the
switch S1 operates in ON/OFF mode and the switch S2 is continuously OFF. When the load resistor
R1 is smaller than the load resistor R2, the switch S2 operates in ON/OFF mode and the switch S1 is
continuously OFF.

Figure 5b shows a voltage controller with one PI control which measures the positive and negative
pole voltages, vP and vN . It calculates the vdc{2 that is equal to pvP ` vNq {2. Then this value is
compared with the vN . The difference is passed through PI control to generate the reference voltage
v˚. Dividing the v˚ by vdc, a reference signal for the PWM switching is obtained. PWM pulses with
variable duty ratio are generated by comparing this reference signal with a triangular carrier signal.

Figure 5c shows the voltage controller proposed in this paper which consists of two cascaded PI
controls. The proposed controller has an inner control loop to regulate the inductor current which
offers accurate voltage regulation for the outer control loop. Therefore, the proposed controller can
offer better voltage regulation than the existing controller with one PI control. The proposed controller
measures the positive and negative pole voltages, vP and vN . It calculates the vdc{2 that is equal to
pvP ` vNq {2 and this value is compared with the vN . The difference is passed through PI control to
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generate the reference current I˚
L through the reactor. Comparing this reference current with the actual

reactor current IL, the voltage reference v˚ can be generated by having the difference pass through
the PI control. Dividing the v˚ by vdc, a reference signal for the PWM switching is obtained. PWM
pulses with variable duty ratio are generated by comparing this reference signal with a triangular
carrier signal.

Figure 5. Half-Bridge voltage balancer: (a) Power circuit; (b) Controller with one PI control;
(c) Controller with two cascaded PI controls.

3.1. Half-bridge Voltage Balancer with One PI Control

When the load resistor R1 is larger than the load resistor R2, the switch S1 operates in ON/OFF
mode while the switch S2 is continuously OFF. The transfer function is represented by Equation (1):

Gvd_1 psq “
V̂N psq
d̂ psq

“
Vdc

L pC1 `C2q s2 ` L
ˆ

1
R1
`

1
R2

˙

s` 1
(1)

When the load resistor R1 is smaller than the load resistor R2, the switch S2 operates in ON/OFF
mode while the switch S1 is continuously OFF. The transfer function is represented by Equation (2):

Gvd_2 psq “
V̂N psq
d̂ psq

“
Vdc

L pC1 `C2q s2 ` L
ˆ

1
R1
`

1
R2

˙

s` 1
(2)

Since C1 is equal to the C2, the above two transfer functions can be simply represented by the
following equation:
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Gvd psq “
V̂N psq
d̂ psq

“
Vdc

2LCs2 ` L
ˆ

1
R1
`

1
R2

˙

s` 1
(3)

Figure 6 shows a voltage control diagram for the half-bridge voltage balancer, in which the
PI control gains can be determined by setting the bandwidth of the converter model. The circuit
parameters for the half-bridge voltage balancer which was used in the controller design are shown in
Table 1.

Figure 6. Control block for voltage control.

Table 1. Circuit parameters for half-bridge type voltage balancer.

Circuit Parameters Values

Vdc 400 V
L 3 mH
C 3300 µF
R1 100 Ω
R2 20 Ω

The Bode plot of the voltage control loop gain Gvd psq {VM is shown in Figure 7. The bandwidth
of the voltage control was set by assuming 1/100 of switching frequency, that isωvc “ 628.3 rad{s.

Since the gain at the bandwidth of voltage control loop gain is –16.7dB, the value of proportional
gain KP is 6.84 and the value of integral gain KI is 108.

Figure 7. Bode plot for voltage control loop gain
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According to the stability analysis result for the closed-loop voltage control, the PI control provides
stable operation for the half-bridge voltage balancer with one PI control, but the stability margin is
very narrow, so the half-bridge voltage balancer with the above control could be very weak for
the disturbances.

3.2. Half-bridge Voltage Balancer with Two PI Control

When the load resistor R1 is larger than the load resistor R2, the switch S1 operates in ON/OFF
mode. A current doesn’t flow through the switch S2. The transfer functions for the current control of
half-bridge voltage balancer can be derived as the following two equations:

Gid_1 psq “
ÎL psq
d̂ psq

“
Vdc
sL

(4)

Gvi_1 psq “
V̂N psq
ÎL psq

“
1

pC1 `C2q s`
ˆ

1
R1
`

1
R2

˙ (5)

When the load resistor R1 is smaller than the load resistor S2, the switch S2 operates in ON/OFF
mode. No current flows through the switch S1. The transfer functions for the current control and
half-bridge voltage balancer can be derived as the following two equations:

Gid_2 psq “
ÎL psq
d̂ psq

“
Vdc
sL

(6)

Gvi_2 psq “
V̂N psq
ÎL psq

“
´1

pC1 `C2q s`
ˆ

1
R1
`

1
R2

˙ (7)

The circuit parameters for the half-bridge voltage balancer are the same as those shown in Table 1.
Since the C1 is equal to C2, the above two sets of two transfer functions can be simplified by the
following two equations:

Gid psq “
ÎL psq
d̂ psq

“
Vdc
sL

(8)

Figure 8 shows a voltage balance controller in which the gains of two PI controls can be determined
by setting the converter bandwidth.

Figure 8. Control block for current and voltage control.

ThenBode plot for the current loop gain Gid{VM is shown in Figure 9. The current control
bandwidth was set by assuming 1/10 of switching frequency, that is ωic “ 6283 rad{s.

Since the gain value at the bandwidth of the current loop gain is –25.5 dB, the value of proportional
gain KPc is 18.84 and the value of integral gain KIc is 627.

The Bode plot for the voltage loop gain Ti psqGvi psq is shown in Figure 10, in which Ti psq is the
closed loop current control transfer function. The voltage control bandwidth was set by assuming
1/10 of the current cut-off frequency, that is ωvc “ 628.3 rad{s.
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Figure 9. Bode plot for current control.

Figure 10. Bode plot for voltage control.

3.3. Balancing Performance Analysis

Figure 11a shows the experimental results of the half-bridge voltage balancer with the proposed
controller. Before the voltage balancer is operated, the voltage at the positive terminal is 200 V and the
voltage at the negative terminal is 100 V due to the difference of load resistances. On the other hand,
after the voltage balancer is operated, the voltages at both terminals are the same and the load currents
are different.

Figure 11b shows the voltage and current in the two IGBT switches. It is confirmed that zero
voltage switching can be achieved by checking the waveforms of voltage and current, which offers
high efficiency. Figure 11c shows the voltage and current in the inductor.

Figure 12 shows the experimental results for the half-bridge voltage balancer with one PI control
and the half-bridge voltage balancer with two cascaded PI controls. The dual-buck voltage balancer
with one PI control showed a voltage balancing error of 4 V, whereas the half-bridge voltage balancer
with two cascaded PI controls showed a voltage balance error of nearly 0 V. This indicates that the
proposed controller shows relatively more accurate voltage balancing performance.
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Figure 11. Experimental results of half-bridge voltage balancer with proposed controller: (a) Load
voltage and current; (b) Switch voltage and current; (c) Inductor voltage and current.

Figure 12. Performance comparison in voltage balancing: (a) One PI voltage control; (b) Two cascaded
PI controls.
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Figure 13 shows the experimental results when the load of upper pole is changed. When it is
changed from 20 Ω to 100 Ω, the dual-buck voltage balancer with one PI control brings about an
oscillation of the inductor current at transient state.

Figure 13. Performance comparison in voltage balancing: (a) One PI voltage control; (b) Two cascaded
PI controls.

Also, the overshoot voltage of the upper pole is nearly 5 V and the settling time is nearly 60 ms.
On the contrary, the half-bridge voltage balancer with proposed two cascaded PI controls does not
cause an oscillation of the inductor current at transient state. Also, the overshoot voltage of the upper
pole is nearly 1 V and the settling time is faster than that of the former voltage balancer.

4. Simulation Results and Analysis

Computer simulations were conducted to analyze the operational performance of the bipolar
DC distribution system with the proposed half-bridge voltage balancer. The simulation models for
photovoltaic array and battery were developed considering the operational characteristics.

The switching frequency of the PWM converter used in photovoltaic generation, battery storage,
and super-cap storage was set 10 kHz. In addition, a half-bridge voltage balancer is connected right
after the AC-DC converter and two loads with different capacities were connected to the positive and
negative terminals in order to verify the voltage unbalance in the bipolar distribution system. The
circuit parameters for the operational analysis are shown in Table 2.

Table 3 shows the simulation scenario that was assumed to analyze the operation of the bipolar
DC distribution system. First, the simulation was set to run 10 s and power consumption in the
associated AC system was assumed to change in a stepwise manner. In addition, Load 1 and Load 2
were connected to the positive and negative terminals, respectively, via a chopper and a 15 Ω resistive
load. The variable load was simulated by adjusting the duty ratio of the chopper so that the consumed
power in the resistance changes continuously.

As shown in Figure 14, AC voltage maintains 1.0 pu for 0–1 s while absorbing power of
1.0 kW through the grid-tied converter thereby determining current introduced from the AC system
accordingly. Then, 2.0 kW power is absorbed through the grid-tied converter for 1–2 s, indicating
increased current introduced from AC system. For 2–3 s, AC voltage is dropped from 1.0 pu to
0.5 pu for 0.2 s followed by being recovered again to 1.0 pu. 1.5 kW power is absorbed through the
grid-tied converter thereby increasing current introduced from AC system and returning back to the
original value.
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Table 2. Circuit Parameters for Operational Analysis.

Grid-Tied 3-level Inverter

Coupling Reactor DC-Link Capacitor
3 mH 1650 µF

Coupling Transformer

Turn Ratio Rated Power Coupling Type Leakage Impedance
220:220 5 kVA Y-Y 1.5%

Super Capacitor

Capacitance Max Current Capacity Rated Voltage Life Cycle
1.67 F 60 A 16 kJ 162 V 500,000

Li-Polymer Battery

Capacity Rated Voltage
31 A 260 V

Photovoltaic

Max Power Max Voltage Max Current
3 kW 250 V 12 A

Unbalance DC LOAD

DC Load 1 DC Load 2 Reactor Capacitor
15 Ω 15 Ω 3 mH 1000 µF

Voltage Balancer Converter

Balancer Reactor DC-Link Capacitor
1 mH 1650 µF

Table 3. Simulation scenario for operational analysis.

Time Grid_V LOAD_1 LOAD_2 BULK Op_Mode

~1 s 1.0 pu 1500 W 166 W –1 kW

Grid-Tied

~2 s 1500 W 0 W –2 kW

~3 s 0.5 pu 166 W 666 W –1.5 kW
~4 s 1.0 pu 666 W 166 W –1 kW
~5 s 1.2 pu 166 W 1500 W –0.5 kW
~6 s 1.0 pu 1500 W 666 W –0.2 kW
~7 s 1500 W 1500 W –1 kW

~8 s 0.0 pu 1500 W 1500 W 0 kW Grid-Off

Then, 1 kW power is absorbed through the grid-tied converter for 3–4 s, indicating constant
current introduced from the AC system. For 4–5 s, AC voltage is raised from 1.0 pu to 1.2 pu for 0.2 s,
followed by being recovered again to 1.0 pu. 0.5 kW power is absorbed through the grid-tied converter
thereby decreasing the current introduced from the AC system slightly and increasing again. For 5–6 s,
AC voltage maintains 1.0 pu while absorbing 0.2 kW power through the grid-tied converter, indicating
decreased current introduced from AC system accordingly.

For 6–7 s, AC voltage maintains 1.0 pu while absorbing 1.0 kW power through the grid-tied
converter, indicating increased current introduced from AC system accordingly. For 7–8 s, AC voltage
operates at 1.0 pu followed by maintaining AC voltage at 0 pu for 0.4 s and being recovered back to
1.0 pu again. When system voltage is 0, super-cap maintains DC voltage while operating solely thereby
maintaining power balance of photovoltaic power generation, battery storage, and loads. For 8–10 s,
AC voltage maintains 1.0 pu while absorbing 1.0 kW and 0.5 kW power through the grid-tied converter.
Respectively. thereby determining current introduced from AC system accordingly. Finally, it is
revealed that VP and VN were maintained at a constant value due to the voltage balancer for total
operation time 10 s. Thus, a bipolar DC distribution system equipped with a voltage balancer proposed
in this paper could operate stably, maintaining the DC voltage constant in grid-tied operation and
islanded operation over a total operation range. Furthermore, charging or discharging current of the
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super-cap was run only when power was abruptly changed thereby playing a role in battery and
energy storage well at the same time.

Figure 14. Simulation results for operation analysis: (a) DC voltage and AC grid current & voltage;
(b) PV power, bulk power, SC current, BAT current

5. Hardware Experiment and Analysis

Based on the analysis result of the bipolar DC distribution system with computer simulations, an
experimental set-up for the bipolar DC distribution system was manufactured and various experiments
were conducted to analyze the operational characteristics in terms of hardware. Figure 15 shows a
configuration of the manufactured test set-up while Table 4 shows the description of each component.
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A PWM converter, photovoltaic DC-DC converter, battery storage converter, and super-cap storage
converter for AC system connection were manufactured as a drawer form and installed in a cabinet. A
DSP controller was attached to the front side in the cabinet for control and monitoring of the converter
modules and connected to the central control unit via CAN communication for power management.

Figure 15. Hardware experimental set-up.

Table 4. Hardware set-up for the experiments

Item No. Designation Item No. Designation

1 Grid-tied Converter 8 DC Loads
2 PV Converter 9 Main Controller
3 SC Converter 10 Transformer [1:1]
4 Battery Converter 11 3-Phase AC Source
5 Line Impedance 12 Li-Polymer Battery
6 Voltage Balancer 13 Super-Cap
7 Buck Converters

The circuit parameters related to the experimental set-up were set to the same values used in the
simulation shown in Table 2. The scenario used in the experiment was also the same as the simulation,
except that the operation time of experiment was set to 10 times longer than that of simulation to
perform the measurement with interval of 10 s.

As shown in Figure 16, the AC voltage rwmains at 1.0 pu for 0–10 s while absorbing power
of 1.0 kW through the grid-tied converter, thereby determining the current introduced from the AC
system accordingly. Then, 2.0 kW power is absorbed through the grid-tied converter for 10–20 s,
indicating increased current introduced from the AC system. For 20–30 s, the AC voltage is dropped
from 1.0 pu to 0.5 pu for 2 s, followed by being recovered again to 1.0 pu. 1.5 kW power is absorbed
through the grid-tied converter thereby increasing the current introduced from the AC system and
returning back to the original value. Then, 1.0 kW power is absorbed through the grid-tied converter
for 30–40 s, indicating constant current introduced from the AC system. For 40–50 s, the AC voltage
is raised from 1.0 pu to 1.2 pu for 2 s, followed by being recovered again to 1.0 pu. 0.5 kW power
is absorbed through the grid-tied converter thereby decreasing the current introduced from the AC
system slightly and increasing again.
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Figure 16. Experimental results for operation analysis: (a) DC voltage and AC grid current & voltage,
(b) PV power, bulk power, SC current, BAT current.

For 50–60 s, the AC voltage remains at 1.0 pu while absorbing 0.2 kW power through the grid-tied
converter, indicating decreased current introduced from AC system accordingly. For 60–70 s, the AC
voltage remains at 1.0 pu while absorbing 1.0 kW power through the grid-tied converter, indicating
increased current introduced from AC system accordingly. For 70–80 s, the AC voltage operates
at 1.0 pu followed by operating the associated AC voltage at 0 pu for 4 s and recovering back
to 1.0 pu again. When the AC voltage is 0, the super-cap maintains the DC voltage thereby maintaining
the power balance of photovoltaic power generation, battery storage, and loads. For 80–100 s, the AC
voltage remains at 1.0 pu while absorbing 1.0 kW and 0.5 kW power through the grid-tied converter,
respectively. thereby determining current introduced from the AC system accordingly.

Finally, it is revealed that VP and VN were maintained at a constant value due to the voltage
balancer for total operation time of 100 s. Thus, a bipolar DC distribution system equipped with a
voltage balancer could operate stably, maintaining the DC voltage constant in grid-tied operation
and islanded operation over a total operation range. The abovementioned experimental result had
the same result as the previous simulation result, except for operating 10 times slower. Furthermore,
charging or discharging current of the super-cap was run only when power was abruptly changed
thereby playing a key role in battery and energy storage at the same time.
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6. Conclusions

This paper proposes a half-bridge voltage balancer with a new controller for a bipolar DC
distribution system. The newly developed controller consists of two cascaded Proportional Integral
(PI) controls for current and voltage regulation.

The performance of the newly developed controller was compared with the existing control
using an equivalent circuit for the bipolar DC distribution system. The excellence of the proposed
controller was verified for a typical bipolar DC distribution system through computer simulations and
experiments with a scaled prototype that was manufactured in the lab.

The dynamic operation under the AC voltage sag and swell was also analyzed in detail by
computer simulations and experiments with the hardware prototype. Also, the dynamic operation
change from the grid-tied mode to the islanded mode and vice versa was analyzed by computer
simulations and experiments. It is confirmed that the experimental results are almost similar to the
simulation results.
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