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Abstract: It is a common practice for storage batteries to be connected to DC microgrid buses through
DC-DC converters for voltage support on islanded operation mode. A feed-forward control based
dual-loop constant voltage PI control for three-branch interleaved DC-DC converters (TIDC) is
proposed for storage batteries in DC microgrids. The working principle of TIDC is analyzed, and the
factors influencing the response rate based on the dual-loop constant voltage control for TIDC are
discussed, and then the method of feed-forward control for TIDC is studied to improve the response
rate for load changing. A prototype of the TIDC is developed and an experimental platform is
built. The experiment results show that DC bus voltage sags or swells caused by load changing
can be reduced and the time for voltage recovery can be decreased significantly with the proposed
feed-forward control.

Keywords: DC micro-grid; storage battery; three-branch interleaved DC-DC converter; feed-forward
control; response speed

1. Introduction

With the development of DC distributed generation and energy storage, increasing proportion
of DC load and higher requirement for power quality on sensitive loads, DC microgrid will become
an important part of power systems in the future. The problems associated with AC microgrids such
as synchronization of generators, reactive power and line unbalances, as well as their energy losses
when converting to DC, also favor the move to DC microgrids [1–3]. Comparing to AC microgrids, it is
easier to integrate the renewable energy sources (RES) and storage systems in DC microgrids because
of elimination of multiple power conversion stages, especially for some DC sources like PV, fuel cell,
battery storage, electric vehicle, super capacitor, etc. [4–7]. In addition, the total conversion efficiency
can be enhanced, and it is easier to reduce charging times for electric vehicles in comparison with AC
microgrids [8,9].

The voltage of DC microgrids needs to be controlled by power storages on islanded operation
mode so that stable operation of system can be guaranteed. Different capacity and topology of
DC microgrids lead to the difference in control strategy for DC-DC converters of power storages.
The dual-loop constant voltage control is one of schemes for the stable operation of DC microgrids on
islanded operation mode [10,11].

The steady-state deviation of voltage can be eliminated by dual-loop constant voltage control,
but when loads are changing, the slow response causes voltage sags or swells, which can be improved
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by feed-forward control. Using the feed-forward control, a DC-DC converter reported in [12] can
rapidly adjust the duty ratio by changing the slope of triangular carrier wave, then fast response can be
realized when the input voltage is changing. For two-switch buck-boost DC-DC converters, an input
voltage feed-forward control which compensates PWM reference wave to reduce the influence on
output voltage induced by input voltage disturbance is proposed by Yao et al. [13]. Aiming at the
output DC voltage fluctuation caused by load changing, a digital feed-forward control method for
DC-DC converters is proposed by Chae et al. [14], which puts forward that the feed-forward duty ratio
is calculated based on charge balance of the output capacitor using the load current, and is combined
with the output of the digital PID feedback compensator. A digital control method to enhance the
dynamic performance of DC-DC converters, which is used in a plasma display panel, is described
in [15], where a simple digital PID compensator with duty ratio feed-forward control is proposed to
minimize the output voltage variation while the load current is continuously changing, and the duty
ratio feed-forward is calculated using noise-free load current information. This noise-free load current
information is predicted by available video data of a plasma display panel. In [16], a feed-forward
control for DC-DC converters is achieved. Using equivalent converter electrical model and the desired
current reference to calculate the expected operating point, a suitable correction term is added to
compensate for the current error. However, the feed-forward controls proposed in [12–16] suit low
power applications for single equipment, and cannot be applied in DC microgrids. According to
the storage batteries in DC microgrids, authors in [17] have proposed a kind of power feed-forward
compensation method. When the feed-forward control is added in the dual-loop constant voltage
control, the bus voltage fluctuation caused by load changing can be suppressed.

Three-branch interleaved DC-DC converters (TIDC) can share current among its several phases,
and each phase of inductor current is shifted by shifting the phase of switching signals. The ripple
of input current, which is the sum of each phase inductor current, becomes smaller than the input
current of single-phase DC-DC converters with the same circuit parameters. The hardware-in-the-loop
simulation for TIDC is investigated in [18], and the current loop control is used to ensure that each
phase current is equally distributed. The experiments have also been done and the results show that
this scheme is reliable in [19–21]. Higure et al. [22] propose an inductor current control of TIDC using
single DC-link current sensor in the high voltage side. This method utilizes the measurement value,
which is measured when only one phase switch of upper arms is on-state at the bottom of each carrier.
Besides, an association of two ZVS-PWM three-branch current-fed push-pull DC-DC converters is
proposed by Albuquerque et al. [23]. Due to the electromagnetic induction principle, the output
voltage can be achieved even though the input voltage is lower. In [24], a coordination control strategy
for multi TIDC is proposed, and voltage droop control is adopted. Based on this control, every TIDC
can adaptively regulate its droop characteristic, and then the globe efficiency optimization in the DC
microgrid can be realized.

For the two-way flow of electricity and fast power response, the battery storage has become
the key element to integrate distributed generation units into microgrid [25,26]. However, due to
the slow response speed of the converter connected to a battery, significant sags or swells of DC bus
voltage caused by load changing affects the dynamic characteristics of DC microgrids. In this paper,
a feed-forward control based on dual-loop constant voltage PI control for TIDCs is proposed on storage
batteries in DC microgrids. In this approach, the dynamic performance of TIDC is improved. When
the loads are changing, the voltage transient fluctuation is reduced and the response time is shorter.
Finally, the experiment platform is built and the proposed method is verified by physical experiments.

2. Three-Branch Interleaved DC-DC Converter

2.1. The Topology of TIDC

A typical structure of DC microgrid is shown in Figure 1a. The storage battery connected to a DC
bus through a DC-DC converter regulates voltage and ensures reliability on islanded operation mode.
In this paper, the TIDC is used to transfer energy from a storage battery to a DC bus because of the
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many advantages of such converters [12]. The topology of TIDC is shown in Figure 1b. Either high
voltage side or low voltage side can be connected to the battery according to the application need.
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Figure 2. Prototype and experiment waveforms of the TIDC: (a) the 50 kW prototype of the TIDC; 

and (b) the three-branch currents of the TIDC.  
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Figure 3. The dual-loop constant voltage PI control for the TIDC. 

Figure 1. The Three-Branch Interleaved DC-DC Converter (TIDC) in DC microgrid: (a) a typical
structure of DC microgrid; and (b) the topology of the TIDC.

The 50 kW prototype of TIDC based on TMS32OF28335 DSP has been designed and manufactured,
as shown in Figure 2a. The control circuit consists of the signal conditioning circuit, the relay circuit,
the DSP circuit and the IGBT driver circuit. The signal conditioning circuit samples and processes
current and voltage signals, and transmits the processed signals to the DSP circuit. The DSP circuit can
execute application codes, and then the trigger signals can be transmitted to the IGBT driver circuit
to drive IGBTs. The Figure 2b is the experiment waveforms of three-branch currents, which have
a difference of 1/3 switching cycle between each other.
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Figure 3. The dual-loop constant voltage PI control for the TIDC. 

Figure 2. Prototype and experiment waveforms of the TIDC: (a) the 50 kW prototype of the TIDC;
and (b) the three-branch currents of the TIDC.

2.2. The Control of TIDC

For prevention of large current and three-branch currents unbalance, the dual-loop constant
voltage PI control with an outer voltage loop and an inner current loop is used for the TIDC. The control
block diagram is shown in Figure 3, where Uref is the voltage reference of DC bus; udc is the DC bus
voltage; Iref is the current reference of the three-branch; ia, ib, and ic are the three-branch currents;
and da, db, and dc are duty ratios.
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However, slow response speed is the disadvantage of the dual-loop control, and in the real
application, the digital filter needs to be used after electrical signals acquisition, which further slows
down the response speed. PI parameters include a proportion parameter and an integral parameter, and
increasing the proportion parameter can improve the dynamic response without a higher overshoot.
However, disturbances of the duty cycle will be bigger under steady-state because of the large
proportion parameter which results in larger fluctuating current in the three-branch, as shown in
Figure 4. Thus, the feed-forward control based on dual-loop constant voltage PI control is proposed.
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3. Analysis of Feed-Forward Control

3.1. Presentation of Feed-Forward Control

For any phase in the TIDC, suppose U is the voltage value in the high side, E is the voltage value
in the low side, D is the duty ratio of lower bridges, T is the switching period, and the current value
is positive when the current flows into the high side from the low side. Both the voltages on the low
and high side slightly change in actual operation, so that E and U can be regarded as constant values.
Thus the phase-current increment in any arbitrary switching cycle can be obtained:

∆I “
ED´ pU ´ Eqp1´Dq

2L
T (1)

where ∆I is the phase-current increment in arbitrary switching cycles. At steady-state, the phase-current
increment is zero:

∆I “ 0 (2)

Substituting Equation (2) into Equation (1), D can be computed as follows:

D “ 1´
E
U

(3)

It can be found that the duty ratio is determined by the voltages of two sides of the converter at
steady-state. When the output power of the converter is required to change, the duty ratio regulating
the phase-current will be adjusted. After dynamic process, the duty ratio will go back to the stable
point. The changing process of phase-current is shown in Figure 5.
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Suppose the battery is connected to the low voltage side to analyze the feed-forward control
method. Based on Figure 1b, the following equations can be obtained:

$

’

&

’

%

icinptq “ C dudcptq
dt

ioptq “
udcptq

R
icinptq ` ioptq “ riaptq ` ibptq ` icptqs ¨ E

udcptq

(4)

where icin is the current into voltage-stabilizing capacitor; io is the load current; and ia, ib, and
ic are three-branch currents. It can be seen that when loads are changing, the energy stored in
voltage-stabilizing capacitor need to be used to maintain the power balance as the changing speed of
three-branch currents is relatively slow. The voltage on high side can be approximately regarded as the
constant value Uref, which is the voltage reference, and assuming that the current reference of inner
loop is constant value after load changing. For any phase in the converter based on TMS32OF28335
DSP, PI calculation is completed once during one switching cycle of the corresponding bridge leg,
thus the duty ratio of the bridge leg is adjusted. Let Iabc(n) be the current of any phase (since the
three-branch currents are balanced) obtained by n times PI calculation after load changing where Iabc(0)
is the current of any phase before load changing namely the initial three-branch current value, and
Iref be the current reference of inner loop after load changing, so the difference between the current
reference and the three-branch currents after load changing is given as:

∆Iabcp0q “ Iref ´ Iabcp0q (5)

Furthermore, the difference between the current reference and the three-branch currents obtained
by n times PI calculation after load changing is given as:

∆Iabcpnq “ Iref ´ Iabcpnq (6)

Let D0 be the duty ratio before load changing. According to Equation (3), D0 is a constant value
that can be expressed as:

D0 “ 1´
E

Uref
(7)

where E is the voltage on the low side, namely the battery voltage. Let kp be the proportion parameter
of the inner loop, ki be the integral parameter of the inner loop, T be the switching cycle. In the first
switching cycle after the current reference changing into Iref, the difference of the duty ratio compared
with D0 can be given as:

∆Dp0q “ kp∆Iabcp0q ` kiT∆Iabcp0q (8)

Using Equations (1) and (6), the variable quantity of three-branch currents by the first PI
calculation can be given as:

∆Ichg “
ErD0 ` ∆Dp0qs

2L
T´

pUref ´ Eqr1´D0 ´ ∆Dp0qs
2L

T “
UrefT∆Dp0q

2L
(9)

Then the difference between the current reference and the three-branch currents after first PI
calculation is given in Equation (10):

∆Iabcp1q “ ∆Iabcp0q ´ ∆Ichgp0q “ ∆Iabcp0q ´
UrefT∆Dp0q

2L

“ ∆Iabcp0q ´
UrefkpT∆Iabcp0q`UrefkiT2∆Iabcp0q

2L

(10)

In the same way, the recursive equations can be written as:
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∆Dp1q “ kp∆Iabcp1q ` kiT
1

ř

k“0
∆Iabcpkq

∆Iabcp2q “ ∆Iabcp1q ´
UrefkpT∆Iabcp1q`UrefkiT2

1
ř

k“0
∆Iabcpkq

2L

∆Dp2q “ kp∆Iabcp2q ` kiT
2

ř

k“0
∆Iabcpkq

∆Iabcp3q “ ∆Iabcp2q ´
UrefkpT∆Iabcp2q`UrefkiT2

2
ř

k“0
∆Iabcpkq

2L
...

∆Dpn´ 1q “ kp∆Iabcpn´ 1qq ` kiT
n´1
ř

k“0
∆Iabcpkq

∆Iabcpnq “ ∆Iabcpn´ 1q ´
UrefkpT∆Iabcpn´1q`UrefkiT2

n´1
ř

k“0
∆Iabcpkq

2L

where n ě 2. Then, Equations (11) and (12) are given from the above recursive equations:

∆Iabcpn´ 1q “ ∆Iabcpn´ 2q ´
UrefkpT∆Iabcpn´ 2q `UrefkiT2

n´2
ř

k“0
∆Iabcpkq

2L
(11)

∆Iabcpnq “ ∆Iabcpn´ 1q ´
UrefkpT∆Iabcpn´1q`UrefkiT2∆Iabcpn´1q

2L

´

UrefkiT2
n´2
ř

k“0
∆Iabcpkq

2L

(12)

Substituting Equation (11) into Equation (12), there is:

∆Iabcpnq “
4L´UrefkpT´UrefkiT2

2L
∆Iabcpn´ 1q ´

2L´UrefkpT
2L

∆Iabcpn´ 2q (13)

∆Iabcpn´ 1q ´ ∆Iabcpnq “
2L´UrefkpT´UrefkiT2

2L r∆Iabcpn´ 2q

´∆Iabcpn´ 1qs ` UrefkiT2

2L ∆Iabcpn´ 2q
(14)

From Equations (10) and (14), it can be found that in the case of the constant PI parameter, the
larger the difference between the current reference and the three-branch currents, the quicker the
regulating speed of the three-branch currents. For the dual-loop control, the output signal of the outer
voltage loop is the current reference of the inner current loop, so the regulating speed and the range of
current reference are limited, which makes the response rate of the three-branch currents slow and
result in the variation of bus voltage. Adding the feed-forward into the outer loop, the difference
between the current reference and the three-branch currents can be increased when the voltage is
fluctuating so that the response speed of the three-branch currents can be improved and the effect
of load changing on the bus voltage is depressed. As the feed-forward acts on the current reference,
over-current can be avoided due to the saturation limit and three-branch currents balance is guaranteed.
The control block diagram is shown in Figure 6, where G(s) is the feed-forward element.

The output value of the feed-forward is increased with the difference value between the voltage
reference and the bus voltage. Therefore, the feed-forward element can be set as a proportional control.
However, this feed-forward can cause higher three-branch fluctuating currents under steady-state
operations. This is the same as the case of the large proportion parameter in PI controller. In order to
not start the feed-forward control at steady-state, the dead zone with a hysteresis loop can be added
into the feed-forward control, as shown in Figure 7; thus, the feed-forward control starts when the
voltage difference is sufficient enough. If the voltage difference reaches the threshold value 1 and
enters the feed-forward region (FR), triggering the feed-forward control the larger variations of the
current reference will improve the response rate of the three-branch currents and the voltage variations
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can be inhibited. When the voltage reaches the threshold value 2 and returns to the no feed-forward
region (NFR), the feed-forward control stops.Energies 2016, 9, 529 7 of 13 
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3.2. Defects of Feed-Forward Control and Its Experiment

The proposed method of the feed-forward control can suppress the voltage fluctuation caused
by the abrupt change of loads, but some defects exist. For instance, when the load power suddenly
increases, the voltage can rapidly return to the NFR from the FR because of the feed-forward control,
and the current reference output by the outer loop PI controller has not reached the value that loads
need. Under this situation, the three-branch currents will decrease and the bus voltage will go
back to the FR to cause the feed-forward control restarting. Since the above process can take place
repeatedly, the repeated shocks of three-branch currents will be induced and the voltage can fluctuate
between the FR and the NFR, as shown in Figure 8. The process of load-dropping agrees with the
above-mentioned ones.
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In order to validate the correctness of the analysis method, the experiment platform is built as
shown in Figure 9, where the DC bus voltage is set to 500 V, and the battery voltage is 200 V.

Figure 10a shows the bus voltage and the A-phase current waveform when 11 kW loads are put
into the DC bus without the feed-forward control, and it can be seen that the value of voltage sags is
84 V. Adding the feed-forward control, when 11 kW loads are put into the DC bus the bus voltage and
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the A-phase current waveform is shown in Figure 10b, and the value of voltage sags is less than 48 V.
The experiment results show that the feed-forward control can reduce voltage sags, but the repeated
shocks of three-branch currents and the voltage fluctuation between the FR and the NFR are the main
setbacks, therefore, this feed-forward control need further improvement.
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voltage and A-phase current waveform without the feed-forward control.

4. Improvement of the Feed-Forward Control and Its Experiment

4.1. Improvement of the Feed-Forward Control

The problem is induced by the repeated starting of the feed-forward control and the repeated
changing of the current reference. Since the feed-forward element is set as a proportional control,
the voltage error cannot be eliminated by the feed-forward control so that the integral calculation in the
outer loop PI controller is continuous in spite of the feed-forward control working. Therefore, in order
to improve the feed-forward control, after the control’s starting, it should not stop until the current
reference output by the outer loop PI controller, mainly due to the integral calculation, has reached the
value that loads need.

Let ∆Iload be the desired variable quantity of three-branch currents after load changing, ∆uload(t)
be the steady-state error of bus voltage caused by the proportional component of the PI controller
and the feed-forward control, kp be the proportional parameter of the outer loop PI controller, ki

be the integral parameter of the outer loop PI control, and K be the proportional parameter of the
feed-forward control, thus Equation (15) can be proposed as:

pkp ` Kq∆uloadptq ` ki

ż t

0
∆uloadptqdt “ ∆Iload (15)
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where the zero-time is the starting instant of the feed-forward control. At the zero-time, the output of
the integral part can be approximately regarded as 0, hence:

pkp ` Kq∆uloadp0q “ ∆Iload (16)

From Equations (15) and (16), the steady-state error of bus voltage caused by the proportional
component and the output of the integral part can be given by:

$

’

&

’

%

∆uloadptq “
∆Iload
kp`K e

´
kit

kp`K

ikiptq “ ∆Iloadp1´ e
´

kit
kp`K q

(17)

where iki(t) is the output of the integral part. In order to maintain the feed-forward control working
until the ratio of the current reference output by the integral part to desired variable quantity ∆Iload
has reached a certain standard, the feed-forward control needs to last a certain time after starting.
Let Td be the duration time of the feed-forward control, and η is the ratio of iki(t) to ∆Iload when the
feed-forward control stops. From Equation (17), Td is:

Td “ ´
kp ` K

ki
lnp1´ ηq (18)

Set η as 90%, then:

Td “
2.3pkp ` Kq

ki
(19)

4.2. Experiment of the Improved Feed-Forward Control

The improved feed-forward control is implemented using the experiment platform shown in
Figure 9. In this setup, the battery whose voltage is 200 V is connected to the low side of the TIDC,
and the voltage reference of the high side is set to 500 V. When 11 kW loads are put into the DC bus
without the feed-forward control, the bus voltage and the current of A-phase is shown in Figure 10a
and the value of voltage sags is 84 V. With the improved feed-forward control, putting 11 kW loads into
DC bus the corresponding waveform is shown in Figure 11. It can be seen that due to this feed-forward
control, the value of voltage sags decreases from 84 V to 52 V and the voltage recovery rate is faster
without repeated shocks of three-branch currents.
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Figure 11. Bus voltage and A-phase current waveform when 11 kW loads are put into the DC bus. Figure 11. Bus voltage and A-phase current waveform when 11 kW loads are put into the DC bus.

Cutting off 11 kW loads, when there is no feed-forward control, the waveform of bus voltage
and the current of A-phase is shown in Figure 12a, and the value of voltage swells reaches 92 V.
Using the proposed feed-forward control, the value of voltage swells can be reduced to 44 V, as shown
in Figure 12b.

On the other hand, the battery whose voltage is 600 V is connected to the high side of the TIDC,
and the DC bus is connected to the low side whose voltage is 210 V. Putting 11 kW loads into the
DC bus without the feed-forward control, the corresponding waveform of the voltage and current
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is shown in Figure 13a. In this figure, it can be seen that the value of voltage sags is up to 40 V.
Using the feed-forward control, the waveform with the increase of 11 kW loads is shown in Figure 13b,
which shows that the value of voltage sags can be controlled within 20 V.
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Figure 13. Low bus voltage and A-phase current waveform when 11 kW loads are put into the DC 

bus: (a) the bus voltage and A-phase current waveform with the improved feed-forward control; and 

(b) the DC bus the bus voltage and A-phase current waveform without the feed-forward control. 
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and A-phase current waveform with the improved feed-forward control; and (b) the DC bus voltage
and A-phase current waveform without the feed-forward control.
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bus without the feed-forward control, the corresponding waveform of the voltage and current is 

shown in Figure 13a. In this figure, it can be seen that the value of voltage sags is up to 40 V. Using 

the feed-forward control, the waveform with the increase of 11 kW loads is shown in Figure 13b, 

which shows that the value of voltage sags can be controlled within 20 V.  
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Figure 13. Low bus voltage and A-phase current waveform when 11 kW loads are put into the DC 
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When 11 kW loads are cut off from the DC bus without the feed-forward control, the value of 

bus voltage and current of A-phase is shown in Figure 14a and the value of voltage swells is 52 V. 

With the improved feed-forward control, the value of voltage swells can be basically limited to 20 V 

and the voltage recovery rate is much faster, as shown in Figure 14b. 

Figure 13. Low bus voltage and A-phase current waveform when 11 kW loads are put into the DC bus:
(a) the bus voltage and A-phase current waveform with the improved feed-forward control; and (b) the
DC bus the bus voltage and A-phase current waveform without the feed-forward control.

When 11 kW loads are cut off from the DC bus without the feed-forward control, the value of bus
voltage and current of A-phase is shown in Figure 14a and the value of voltage swells is 52 V. With the
improved feed-forward control, the value of voltage swells can be basically limited to 20 V and the
voltage recovery rate is much faster, as shown in Figure 14b.
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Figure 14. Low bus voltage and A-phase current waveform when 11 kW loads are cut off: (a) the bus 

voltage and A-phase current waveform with the improved feed-forward control; and (b) the DC bus 

voltage and A-phase current waveform without the feed-forward control. 

5. Conclusions 

This paper proposes a feed-forward control based on dual-loop constant voltage PI control for 

TIDCs, which are employed on storage batteries in DC microgrids. As the feed-forward acts on the 

current reference, over-current can be avoided due to the saturation limit and three-branch currents 

balance is guaranteed. In order to not start the feed-forward control at steady-state, the dead zone 

with a hysteresis loop can be added into the feed-forward control. Every time after starting the 

feed-forward control, the control should last a certain time to avoid repeated shocks of the 

three-branch currents and the voltage fluctuation between the FR and the NFR. 

The experiment platform is built and the proposed feed-forward control has been tested. The 

experiment results show that, based on the proposed feed-forward control, DC bus voltage sags or 

swells caused by load changing can be significantly reduced and the time for voltage recovery has 

been greatly decreased. 
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5. Conclusions

This paper proposes a feed-forward control based on dual-loop constant voltage PI control for
TIDCs, which are employed on storage batteries in DC microgrids. As the feed-forward acts on the
current reference, over-current can be avoided due to the saturation limit and three-branch currents
balance is guaranteed. In order to not start the feed-forward control at steady-state, the dead zone with
a hysteresis loop can be added into the feed-forward control. Every time after starting the feed-forward
control, the control should last a certain time to avoid repeated shocks of the three-branch currents
and the voltage fluctuation between the FR and the NFR.

The experiment platform is built and the proposed feed-forward control has been tested.
The experiment results show that, based on the proposed feed-forward control, DC bus voltage
sags or swells caused by load changing can be significantly reduced and the time for voltage recovery
has been greatly decreased.
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