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Abstract – This paper discusses the application of a 
dual active bridge converter (DAB) as a bidirectional 
interface between the energy storage system and the main 
dc bus in a dc nanogrid. A novel control technique based 
on control loops competition is proposed to perform the 
energy management between both systems, which allows 
the dual active bridge to concomitantly regulate the main 
dc bus and control the battery bank charging process 
with a four states method.   

Keywords – Bidirectional dc-dc converter, Dual Active 
Bridge converter (DAB), nanogrids, microgrids, energy 
storage system. 

I. INTRODUCTION 

Recently, due to the increasing demand on electricity con-
sumption to meet the society needs and to address power 
generation deficiencies, the electric utilities are becoming 
more concerned in improving the supply and demand rela-
tionship through the development of the national electric 
grids. The great majority of the world energy demand is 
supplied by fossil fuels, a situation which prevents the future 
expansion of this energy production model due to environ-
mental concerns about greenhouse gasses (GHG) emissions 
and global warming. In this juncture, the participation of 
renewable energy resources in the electric grid has been 
growing quickly in the last years. The increase of the pene-
tration of renewable resources, known for fast dynamics and 
intermittent behavior, in the grid imposes new challenges for 
the electric utilities in terms of the need for modernization of 
the power generation, transmission and distribution 
processes, improvement of the electrical grid energy effi-
ciency and development of new mechanisms for grid control 
and management that are tuned with the new requirements of 
this new energy system paradigm. This new concept for the 
electric grid is being referred as the Smart Grid [1].     

The power flow in traditional power systems occurs from 
bulky concentrated generators to the consumers, which are 
connected by long transmission lines. In a Smart Grid, how-
ever, a paradigm shift is expected, in which distributed gene-
rators, based on renewable resources, will be brought closer 
to the consumers yielding a bidirectional power flow and 
which will demand also a bidirectional flow of information 
between the utility and the customers in order to even and 
control the instantaneous overall energy production and de-

mand. Besides the environmental advantages, the Smart Grid 
will provide benefits for all energy conversion chain [1,2], 
for instance :  
• Reduction of GHG emissions related to electric power 

generation by fossil fuels; 
• Improvement in the power quality along many power 

levels, increasing the system stability;  
• Better operational efficiency for the electric utilities, 

through a more active participation of the customers in 
the electric system;  

• Greater integration of distributed generation with the 
electric grid by means of information technology and 
smart communication;  

• Possibility of bidirectional power flow. 

The Smart Grid introduces new concepts for the electric 
system, such as the microgrids and nanogrids. The microgr-
ids are cogeneration systems based on renewable energy 
sources, as solar photovoltaics (PV), wind power, micro-
turbines and fuel cells, intended to supply small sets of cus-
tomers, as residential complexes, hospitals, data centers, 
schools, etc, [3].  The microgrid can be represented as a 
small independent power system, which associates local 
loads and distributed generation with a power capacity of 10 
to 100kW [4,5]. The nanogrids can be seen as a small part of 
a microgrid, with a similar composition, local generation 
based on renewable resources and energy storage, but with a 
power capacity up to 25kW, intended for residential or com-
mercial buildings purposes [3]. Figures 1 depicts this new 
electric system concept with distributed generation, micro 
and nanogrids and their interaction in a local network. 

  

 
Fig. 1.  Micro and nanogrid integrated with local power system. 

 
One of the main features of the nanogrid is the ability to 

island itself from the electric grid during system disturbances 
and faults, which improve the power quality perceived by the 
local loads and ensure a proper autonomy for critical loads. 
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In order to perform this islanding process and allow a soft 
reconnection to the electric grid, the nanogrid must be con-
nected to the main grid through a bidirectional converter [3]. 
This converter must also perform the control of the power 
flux and synchronize to the electric grid frequency and phase, 
which leads to a more complex converter architecture. An 
alternative to minimize the nanogrid complexity is to utilize 
dc-powered systems. Dc distribution systems have the advan-
tage of enhancing the system overall efficiency, since power 
losses on cables are lower than in equivalent ac systems, 
most residential and commercial buildings loads are intrinsic 
dc loads, which permits the elimination of energy conversion 
stages and there is a better integration with renewable re-
sources and energy storage devices [6]. 

A well accepted structure for a dc nanogrid is based on 
two main voltage levels inside the distribution system: a 
higher voltage dc bus of 380V and a low voltage dc bus of 
48V [6]. The 380V voltage level was chosen to cope with the 
output voltage of typical power factor correctors (PFC) asso-
ciated with electronic devices of 70W or higher. Therefore 
the adaption of currently electronic devices to this new dc-
based voltage standard would not demand significant altera-
tions on the devices internal design. The low voltage level of 
48V meets telecommunication standards and is suitable to 
supply low power devices and provides a safe voltage level 
to be handle by the consumers [6].   

In order for a nanogrid to provide uninterrupted supply of 
local loads, even in the event of electric grid outages and 
intermittent behavior of distributed generation, it is mandato-
ry that it possess an energy storage system, normally based 
on batteries [7]. The interface of the main dc bus of the na-
nogrid and the storage system devices is performed by a dc-
dc bidirectional converter which assures voltage regulation 
of the main dc bus whenever needed. For this work, a dual 
active bridge (DAB) was considered to implement the bidi-
rectional interface between the dc bus and the storage system 
low voltage bus. The main features of the DAB topology are: 
bidirectional power flux, galvanic isolation and capacity to 
step-up or step-down the voltage levels of its inputs [8]. 
Figure 2 presents the power stage topology of the DAB con-
verter, which consists of two H-bridges interconnected by a 
high frequency transformer. The leakage inductance of the 
transformer, represented by L, is responsible for instantane-
ous energy storage [9]. 

 
Fig. 2.  DAB converter topology. 

 
In the technical literature, several works about the opera-

tion and control of the dual active bridge converter can be 
found [7-17]. In [7] the DAB is immersed in a microgrid 
system being employed as the interface with the battery bank 
and its control is based on the phase-shift modulation. In [8], 
a nonlinear control technique for the power flux is imple-

mented intending to regulate the converter output voltage. In 
[11], the modulation method is modified to control the vol-
tage across one of the H-bridges in order for the converter to 
operate in a greater voltage level. In [12], a control strategy 
for the DAB operating as the interface converter for a battery 
bank is discussed, in which the bank state of charge, output 
current and the microgrid operation mode are taken in con-
sideration for the controlling actions. References [13-17] 
address methods that improve the DAB efficiency through 
modulation techniques and/or non-dissipative ZVS.  

This paper proposes a novel control technique for the 
DAB converter applied in nanogrid systems which controls 
the power flux between the dc bus and the battery bank, 
assuring a regulated dc bus voltage on the nanogrid side and 
respecting the charging algorithm of the battery bank. The 
theoretical studies will be carried out on a dc nanogrid with a 
380V dc bus and a battery bank low voltage bus of 48V, as 
proposed in [6]. A small scale prototype was built to validate 
the control technique performance. This prototype operates 
with a 24V dc bus, on the nanogrid side, and a 12V low vol-
tage bus on the battery side. 

II. DAB CONVERTER OPERATION ANALYSIS 

Each H-bridge of the DAB converter generates a 50% du-
ty cycle square wave [10]. The control of the power flux and 
the amount of energy transferred by the converter is realized 
through the definition of the phase angle between these two 
square waves. This control technique is referred as phase-
shift control [7]. Figure 3 shows the waveforms of the trans-
former primary and secondary voltages, ܸ and ܸ  re-
spectively, where T represents a complete switching period 
and  ଵܶ/ଶ, a half switching cycle. Notice that ܸ leads ܸ  
of ݀ כ ଵܶ/ଶ seconds, where ݀ ൌ  and 180°/ ,ሾെ180°א 180°ሿ is the angular phase shift between the primary 
and secondary voltages. The power transfer occurs in the 
time interval ݀ כ ଵܶ/ଶ. Figure 4 shows the L inductor current 
waveform. Note that the time interval ݀ כ ଵܶ/ଶ is divided in 
time periods ݐଵ and ݐଶ. 

 
Fig. 3.  DAB transformer voltage waveforms. 

 
Assuming ܸ as the nanogrid main dc bus voltage, ܸ as 

the dc voltage across the battery bank, ܸᇱ ൌ ܸܰ as the sec-
ondary side voltage reflected to transformer primary and ݀ כ ଵܶ/ଶ ൌ ଵݐ   :ଶ, the following equations can be definedݐ

 ܸ  ܸᇱ ൌ ܮ ݀݅݀ݐ         0  ݐ ൏ ݀ כ ଵܶ/ଶ (1)

ܸ െ ܸᇱ ൌ ܮ ݀݅݀ݐ        ݀ כ ଵܶ/ଶ  ݐ ൏ ଵܶ/ଶ (2)

Solving (1) and (2), it obtains: 
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Fig. 4.  Inductor current waveform (݅). 

 
 ݅ሺݐሻ ൌ ܮ1 න ܸ  ܸᇱௗ்כభ/మ ݐ݀ ՜ ܸ  ܸᇱܮ ݀ ଵܶ/ଶ (3)݅ሺݐሻ ൌ ܮ1 න ܸ െ ܸᇱ்భ/మௗ்כభ/మ ݐ݀ ՜ ሺ ܸ െ ܸᇱ ሻሺ1 െ ݀ሻܮ ଵܶ/ଶ (4)

 
Considering ݅ሺ0ሻ ൌ െ݅൫ ଵܶ/ଶ൯ and  ݅ሺݐሻ ൌ ݅൫݀ כ ଵܶ/ଶ൯  ݅ሺ ଵܶ/ଶሻ for 0  ݐ ൏ ݀ כ ଵܶ/ଶ, ݅ሺݐሻ ൌ ݅൫ ଵܶ/ଶ൯ െ ݅ሺ݀ כ ଵܶ/ଶሻ for ݀ כ ଵܶ/ଶ  ݐ ൏ ଵܶ/ଶ. 

Combining it with (3) and (4) and solving the resulted sys-
tem, the following relations are achieved: 
 ݅൫ ଵܶ/ଶ൯ ൌ ሺ2 ܸᇱ ݀  ܸ െ ܸᇱ ሻ ଵܶ/ଶ2ܮ  (5) ݅൫݀ כ ଵܶ/ଶ൯ ൌ ሺ2 ܸ݀ െ ܸ  ܸᇱ ሻ ଵܶ/ଶ2ܮ  (6) 

It can be observed in Figure 4 that the triangles formed by ݅ሺ0ሻݐଵ e ݅ሺ݀ כ ଵܶ/ଶሻݐଶ have angles opposed by their vertic-
es, which leads to ݅ሺ ଵܶ/ଶሻ/ݐଵ ൌ ݅ሺ݀ כ ଵܶ/ଶሻ/ݐଶ, substituting 
it in (5) and (6), it obtains: 
ଵݐ  ൌ ଵܶ/ଶሺ2 ܸᇱ ݀  ܸ െ ܸᇱ ሻ/ሺ2 ܸᇱ  2 ܸሻ (7)ݐଶ ൌ ଵܶ/ଶሺ2 ܸ݀ െ ܸ  ܸᇱ ሻ/ሺ2 ܸᇱ  2 ܸሻ (8)

The DAB average input current ݅_௩ is defined by the 
areas under the ݅ curve in time interval ଵܶ/ଶ, which are 
shown in Figure 4 as the hatched areas. The average input 
current is defined in (9):  
 ݅_௩ ൌ 1ଵܶ/ଶ ቆ݅ሺ0ሻݐଵ2  ݅൫݀ כ ܶ1/2൯ݐଶ2 …

 ሾ݅൫ܶ1/2൯  ݅൫݀ כ ܶ1/2൯ሿሺ1 െ ݀ሻܶ1/22 ቇ 

 (9)
Substituting (5), (6), (7) and (8) in (9), it obtains: ݅_௩ ൌ ܸԢ݀ כ ଵܶ/ଶሺ1 െ ݀ሻܮ  (10)

Assuming ܲ ൌ ݅_௩ ܸ and ܶ ൌ 2 ଵܶ/ଶ ൌ 1/ ௦݂ and substi-
tuting it into (10), the converter transferred power is defined 
as in (11): 
  ܲ ൌ ܸ ܸܰ݀ሺ1 െ ݀ሻ2ܮ ௦݂  (11)

Where ௦݂ is the converter switching frequency. Using (10) 
the DAB converter can be modeled as a current source. The 
equivalent circuit model of the DAB used in this work is 

presented in Figure 5. The battery is modeled as a series RC 
branch, where R stands for the battery internal resistance and 
C, for a capacitance representing the battery charge capacity. 
C is defined as: ܥ ൌ ௧௧௬  ௧௬ ሺሻ௧௧௬  ௩௧ ൈ 3600.  

 
Fig. 5.  Current source model for the DAB converter. 

 
Through the converter model, the battery charging current 

can be defined, in Laplace domain, for the equation de-
scribed in (12). The small-signal model for the DAB conver-
ter can be obtained through (12), considering for this matter  ݀ ൌ ܦ  መ݀ and ܸ ൌ ܤܸ  ܸ, where ܦ and ܸܤ are steady 
state operation points and መ݀ and ܸ are small-signal perturba-
tions in the phase-shift and battery side output voltage. The 
output current small-signal value is defined in (13), out of 
which the system transfer functions are obtained and pre-
sented in (14), (15) and (16): 
 
 ݅ሺݏሻ ൌ ܰଶ ܸ݀ሺ1 െ ݀ሻ2ܮ ௦݂ ܥܥଶܴݏܥݏ  ܥሺݏ   ሻܥ

 
(12)

ଓ̂ሺݏሻ ൌ ߲߲݅݀ฬ መ݀  ߲߲݅ ܸฬ ܸ ՜ ሻݏௗሺܩ መ݀  ሻݏಳሺܩ ܸ 
 

ሻݏௗሺܩ(13) ൌ ܰଶ ሺ1ܤܸ െ ܮሻ2ܦ2 ௦݂ ܥܥଶܴݏܥݏ  ܥሺݏ   ሻܥ
 

ሻݏಳሺܩ(14) ൌ ܰଶ ሺ1ܦ െ ܮሻ2ܦ ௦݂ ܥܥଶܴݏܥݏ  ܥሺݏ   ሻܥ
 

ሻݏಳሺܩ(15) ൌ ሻ (16)ݏಳሺܩ/1
 

Whether the power flux in the DAB converter is inverted, 
the converter model in relation to the battery current i(s) will 
be modified according to the model depicted in Figure 6. RL 
represents the nanogrid main dc bus load, which can be esti-
mated by ܴ ൌ ಲమಿ, where ேܲ is the power demanded by the 
nanogrid local load. The current source ܫ௨௦ stands for all 
other power sources present in the nanogrid and can be esti-
mated by ܫ௨௦ ൌ ಲಿ . This way (17), (18), (19), (20) and (21) 
are obtained: 
 ܸሺݏሻ ൌ ܴܴܥݏ  1 ሺܫ௨௦  ݅ሺݏሻܰ ሻ 
 

(17)ܸሺݏሻ ൌ ߲ ܸ߲ܫ௨௦ฬ መ௨௦ܫ  ߲ ܸ߲݅ ฬ ଓ̂  ߲ ܸ߲ܴฬ ܴ 
 

(18)߲ ܸ߲݅ ฬ ܸ ൌ ሻݏಲሺܩ ܸ 
 

ሻݏಲሺܩ(19) ൌ ܴܰሺܴܥݏ  1ሻ 
 

ሻݏಲሺܩ(20) ൌ  ሻݏಲሺܩ/1
 (21)
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Fig. 6.  DAB current source model for a power flux from the battery 

bank to the nanogrid dc bus. 
 

Based on (14), (15), (16), (20) and (21), a block diagram 
representing the DAB converter small-signal model can be 
constructed. This block diagram is depicted in Figure 7. 

 
Fig. 7.  DAB converter small-signal model. 

III. BATTERY CHARGING PROCESS 

The battery charging method considered for this work is 
described by the flowchart shown in Figure 8 and is named 
the four states algorithm. This method defines four stages for 
charging the battery and utilizes constant current to charge 
the battery cells and constant voltage to recover the battery 
complete capacity [18,19]. When the battery is supplying 
power to the system its terminal voltage decreases until it 
reaches the cutoff voltage (Voff), which represents the mini-
mum battery terminal voltage recommended by the manufac-
turer.  Whether the battery terminal voltage falls below the 
cutoff limit it will experience irreversible sulfation and its 
life cycle will be diminished. Vequ stands for the equalization 
voltage used to equalize the stored charge in each element of 
a battery bank, this voltage level is achieved at the end of a 
fast charging process and intermediates the transition to the 
fluctuation state. When in fluctuation, the batteries are com-
pletely charged and the voltage level applied in this case is   

 

 
Fig. 8.  Flowchart for the four state charging algorithm. 

used to compensate the natural self-discharge process of the 
battery bank, and maintain a regulated voltage of Vflu across 
the bank. This stage is critical, since a overvoltage applied 
during the fluctuation state will provoke a reduction on the 
battery life cycle and may even unutilized it [18,19]. 

IV. CONVERTER CONTROL 

The control strategy monitors the nanogrid dc bus voltage 
and when it becomes greater than 380V, the DAB converter 
will drain a maximum allowable current from the dc bus in 
order to charge the battery. However, when the bus voltage 
drops below 380V, the converter will gradually reduce the 
current value, if the dc bus still does not recover, the current 
direction will be changed, inverting the power flux and using 
the battery bank as a power source for the nanogrid system. 
The DAB will cease to operate in two conditions: firstly, 
when the dc bus voltage drops below 380V and the battery 
bank is already fully discharged, i.e., with a terminal voltage 
below 43V, and secondly when the dc bus voltage is greater 
than 380V and the battery bank is fully charged, i.e., in fluc-
tuation state with a terminal voltage of 55.2V. The block 
diagram for the proposed control is shown in Figure 9. The 
blocks denoted by letter A refer to the nanogrid dc bus side 
of the DAB converter, and the ones denoted by letter B refer 
to the battery bank side. 

 
Fig. 9.  Proposed control block diagram. 

 
 The control technique possesses two control loops, A and 

B, which control the nanogrid dc bus voltage and the battery 
bank terminal voltage, respectively. The output of the PI 
compensators define two current references for the system 
and the actual reference of the current loop is the difference 
between reference B and reference A. Notice that the current 
reference B saturation limit, named Iequ, is set to the maxi-
mum limit of the charging process which is 10% of the rated 
battery bank capacity. Current reference B, on the other 
hand, presents a saturation limit equal to Imax, which is de-
fined as Iequ plus the maximum battery discharge current. 
Therefore, when the PI compensator of the loop A saturates, 
it will cancel the charging current imposed by the loop B and 
force the change of the current direction, i.e., it will force the 
inversion of the power flux. In another words, loops A and B 
constantly competes to determine the power flux of the DAB 
converter and as a result the system energy balance is pre-
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served. Notice also that the loop B has
ences. The first one is the equalizatio
which is set every time that the control sy
battery has been discharged, what is def
the battery bank terminal voltage fell belo
reference is the fluctuation voltage (55
whenever the equalization voltage is actu
battery bank. 

 This control structure presents adv
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processes, due to the control loops com
definition of the power flux and proper 
operation point only by local variables m
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waveforms of the DAB converter, where
the transformer primary voltage (VacA), c
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TABLE I 
Experimental converter parameters. 

Nominal Power 15W 
Transformer N1:N2 = 2:1 L = 325µH 
Battery bank 9Ahr/12V 
Voltage levels ( ܸ, ܸ௨, ܸ௨) 10.5V, 14.5V, 13.8V 
Capacitor CA=2200 µF, CB=4700µF  
Switching frequency 15kHz 

Compensator gains. 
Compensator A Kp=0.2 Ki=120 
Compensator B Kp=30 Ki=80 
Current loop compensator Kp=0.01 Ki=2 

VI. CONCLUSION 

In this paper the employment of a DAB converter as a in-
terface between a nanogrid main dc bus and a battery bank is 
evaluated. A control strategy was proposed, in which the 
converter assures proper charging procedure for the battery 
bank, according to a 4-step algorithm, and regulated dc bus 
on the nanogrid side. Both goals are achieved by the differ-
ence between the battery side and nanogrid side control 
loops. Through experimental results conducted on a small 
scale system the behavior of the control scheme was vali-
dated. The correct following of the charging steps were ob-
served and concomitant to it the dc bus of the nanogrid was 
kept around its nominal voltage. During the whole converter 
operation the power flow inversion occurred in smooth tran-
sitions, showing that the control technique does not produce 
oscillatory behavior and unpredictable situations.  
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