
ABSTRACT 

ZHAO, YULING. Stationary Energy Storage System based on Modular High Voltage 
Battery Modules. (Under the direction of Dr. Alex Q. Huang). 

Renewable energy resources like solar and wind have become more and more popular 

and promising energy resources since they are sustainable and have minimal impact on the 

environment. However, due to their strong dependency on the weather and their intermittent 

output nature, energy storage system is an indispensable part to reduce power fluctuation and 

optimize energy use for renewable energy generation.  

This thesis focuses on the control and design of a stationary energy storage system 

based on modular high voltage battery modules. This system can achieve bi-directional 

power flow directly from ac grid to the battery modules with a bi-directional ac-dc converter 

as an interface. Another merit of such a system is its extendibility and scalability for higher 

power rating for future use by connecting more battery modules together. Correspondingly, 

the challenge of such a system is to develop a distributed control method to make the system 

work reliably and flexibly. 

Motivated by the increasing demand for modular distributed energy storage system, a 

droop control strategy for the present system is proposed to balance the parallel module 

currents without communication. Droop control can greatly reduce the signals that need to be 

transmitted among the modules, which will improve the system reliability because of less 

dependency on the communication. Therefore, modularization can be easily achieved.  

The second part of work has been done in this thesis is system hardware design and 

experiment results. A 1kWh energy storage system prototype including a bi-directional grid-

connected ac-dc converter and two bi-directional dc-dc converters are designed.  Based on 



the proposed droop control, a double-loop digital control system for the ac-dc converter and a 

single-loop digital control system for the dc-dc converter are implemented respectively. And 

last, experiment results have been presented to verify the proposed distributed control 

strategy. 
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Chapter 1 Introduction 

1.1 Background 

Renewable energy has been through rapid development over the last 10 years and continues 

to build up its share of the global electricity market. In 2013, renewable power generation 

capacity made up 13.7% of world generation capacity, up from 12.6% in 2012 [1]. Figure 1.1 

shows the total electricity generations with different kinds of fuels from AEO2014 Reference 

case [2]. Renewable energy sources including biomass, geothermal, hydropower, solar and 

wind accounted for 37.16 percent of all new domestic electrical generating capacity installed 

during 2013 for a total of 5,279 MW [3]. 

 
Figure 1.1 Electricity generations by fuel, 1990-2040 (Source: eia) 
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As large quantities of wind, solar and other renewable energy sources continue to be added to 

the generation assets, the electric grid must maintain a robust electricity delivery system. 

Energy storage technology can help contribute to overall system reliability because of its 

ability to provide backup power for emergency situations. So modernizing the grid will 

require a substantial deployment of energy storage [4].  

As of August 2013, the database reported 202 storage system deployments in the US with a 

cumulative operational capability of 24.6 GW, with a mix of storage technologies including 

pumped hydro, compressed air, thermal energy storage, various types of batteries, and 

flywheels [5]. This thesis will focus on the battery energy storage technology.  

Nowadays, the battery energy storage system is widely utilized in many applications in the 

grid. It is well known that renewable energy resources will be more and more developed in 

the future. However, one major challenge of wide spread adoption of renewable energy is the 

ability to store and control the variety of different energy resources. For example, large scale 

installations of grid-connected PV systems will cause large fluctuation of power, frequency 

and voltage of the utility grid because of the stochastic nature of the PV power [6]. Wind 

power also introduces some uncertainty to the power grid due to its unpredictable and 

intermittent nature [7]. In order to solve these problems, the integration of the energy storage 

system and renewable energy resources is proposed to improve the reliability of the power 

grid. A hybrid generation system with distributed renewable energy resources (DRERs) 

combined with energy storage system (ESS) has the potential ability to provide services like 

peak shaving and emergency power supply. An envisioned application of ESS system in the 

grid is drawn in Figure 1.2. 
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Figure 1.2 An envisioned ESS system in utility power grid 

1.2 Energy storage system overview 

A conventional battery energy storage system is shown in Figure 1.3. In the conventional 

system, the battery cells are connected in series to achieve a high battery string voltage so 

that it will be easier and more efficient to connect with the high voltage dc bus [8]. However, 

there are some issues with the serial connection of battery cells. Due to the manufacturing 

variation, the capacity and internal resistance of each battery cell cannot be exactly the same. 

Those battery cells with lower capacity can be seen as weaker cells. The voltage of weaker 

cells will increase or decrease faster than those with stronger cells so the weaker cells will 
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reach maximal or minimal cell voltage first while stronger cells are not fully charged or 

discharged. So the inconsistency will easily cause over-charging and over-discharging of 

weaker cells, which will make their capacity decrease even more. Since the serial connection 

of battery cells, the operational capacity and lifetime of the whole battery string will be 

reduced. In addition, the reliability of the battery string is limited by the failure of any weak 

cell. It can be easily understood that the larger the number of cells in series, the lower the 

maximum usable capacity will be. Therefore, in order to improve the battery pack 

performance, to eliminate or reduce the number of battery cells in series is very important. 

High Voltage DC Bus  

Figure 1.3 Conventional energy storage system structure 

Based on the above analysis, a novel energy storage system is proposed in Figure 1.4. The 

system consists of a grid-connected bi-directional ac-dc converter and several high voltage 

energy storage device modules. The conventional battery string is split into many battery 

cells or small battery packs. The conventional high power dc-dc converter is also split into a 

few lower power distributed dc-dc converters which are integrated with battery cells and 

small packs. The converters will directly charge and discharge individual cell or battery pack. 
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The bi-directional dc-dc converter also can boost low voltage battery voltage to high dc bus 

voltage. In addition, each battery module has its own battery management system (BMS), 

which will monitor the battery voltage, current and temperature to achieve under and over 

voltage protection, over temperature protection, over current and short circuit protection. 

There are many advantages of this parallel connection structure. First, battery management 

system can be much easier and simplified because cell level management can be achieved. 

Second, the battery pack capacity can be fully utilized. Also, the reliability and safety can be 

improved. The capacity of the energy storage system can be easily scaled by adding more 

battery modules.  

 

Figure 1.4 The proposed energy storage system 
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Since each distributed converter has its own controller, and the ac-dc converter also has a 

controller, the challenge of such a system is to develop a distributed control method to 

coordinate all the controllers in the system. One of the start-of-art control methods is using 

communication between the master controller in ac-dc converter and each distributed 

controller of dc-dc converter, shown in Figure 1.5. The dispatch commands of charging and 

discharging will be sent to the distributed controller by wireless communication like Zigbee 

from the master controller. However, in this case, multi-channel communication is needed 

and the system reliability will depend on those communications.  

 

Figure 1.5 State-of-art control for proposed energy storage system based on communication 

In order to get rid of the internal communication in the system, a distributed control without 

communication is proposed. The dc bus can be used not only as power transmission link, but 



 

7 

also as communication link. More specifically, the dc bus voltage information can be used to 

dispatch battery modules. So a droop control curve can be designed as in Figure 1.6.  

 

Figure 1.6 Droop control curve 

The grid-connected ac-dc converter regulates the dc bus voltage in the range of 360V to 

400V, which is used to control battery modules charging and discharging. Each bi-directional 

dc-dc converter generates individual current references based on the dc bus voltage according 

to the droop curve. The zero current range from 375V to 385V is used to assure a stable and 

safe region for the converter working in standby mode and avoid hard switching. The slope 

of the droop curve is determined by the power rating of each battery module. So the battery 

modules of different power ratings or of different vendors can be connected in one energy 

storage system by adjusting the slopes of their own droop curve. Another advantage of droop 

control is its current balancing ability in many applications [10]. Also with droop control, 

modularization can be easier to realize because the hardware configurations of multi-channel 

communication can be avoided.   
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Another important issue that needs to be taken into account for distributed control without 

communication is how the master controller can know the state-of-charge (SoC) information 

of each battery module. Each modular battery pack has its own BMS and SoC algorithm. 

However, without multi-channel communication, the SoC information cannot be sent to the 

master controller in the ac-dc converter. So the basic idea is to estimate SoC at the ac-dc 

converter level since the ac-dc controller has the total charging and discharging current 

information based on the proposed droop control. However, the ac-dc controller can only 

estimate the average SoC of the total battery modules. So this method of SoC estimation 

needs each module has an accurate current sharing. However, there will always have current 

sharing tolerance due to the inconsistency of different module [11]. So the current sharing 

tolerance analysis is also necessary. 

1.3 Thesis outline 

The thesis introduces a novel energy storage system with modular high voltage battery 

modules in parallel and proposes a system level distributed control strategy.  

This thesis consists of four chapters, which are summarized as below: 

Chapter 1 introduces the research background and the concept of the energy storage system. 

The structure of a proposed energy storage system including a grid-connected ac-dc 

converter and several high voltage battery modules in parallel is presented. A distributed 

droop control for the proposed ESS is briefly described.  
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In Chapter 2, the system control structure is presented and illustrated in details. A complete 

modeling and control design of the grid-connected single-phase bi-directional ac-dc 

converter are conducted. 

Chapter 3 focuses on the experimental verification of the distributed control of the proposed 

energy storage system with two battery modules connected.  

Chapter 4 summarizes and makes a conclusion of the current thesis work. Future work in this 

topic is suggested and proposed. 
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Chapter 2 Distributed Control Design 

2.1 System control structure 

Figure 2.1 shows the system structure of the proposed energy storage system. The main 

function of ac-dc converter is to regulate the dc bus voltage to a certain level, from 360V to 

400V. Normally, the reference of the dc bus voltage is generated by the application algorithm 

implemented in the controller. Sometimes it can be set and changed by the upper level 

commands via communication. Another control target of the ac-dc converter is to maintain 

unity power factor at the grid side. So for the bi-directional grid-connected ac-dc converter, a 

dc voltage outer loop and ac current inner loop control system is needed. For each battery 

module, a droop control curve is implemented in the controller of the dc-dc converter. The 

droop curve provides a clear and linear relationship of current control reference versus the dc 

bus voltage. So there is only current loop for the dc-dc converter. The control loops of the bi-

directional ac-dc converter and dc-dc converter are presented respectively in details in the 

following sections. 
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Figure 2.1 Energy storage system control structure 

2.2 Bi-directional dc-dc converter control 

Since the high voltage and low voltage side of the converter are connected to dc bus and 

battery respectively, the converter can be seen as having two voltage sources at the input and 

output sides. Therefore, the converter control is easy to design because only current control is 

needed. In order to achieve equal current sharing between two battery modules, a distributed 

droop control strategy is applied in this chapter. By using droop control, no communication 

or only low frequency communication is needed because the dc bus itself is the 

communication link, so higher reliability and lower cost can be realized. So the current of 

charging and discharging will be determined by the variation of dc bus voltage. The 

relationship of current reference and dc bus voltage is designed and described in a droop 

curve shown in Figure 2.2.  
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Figure 2.2 Droop control curve of the bi-directional dc-dc converter 

The middle voltage range in the figure is reserved for dispatching commands from the upper 

layer intelligence through communication in some applications. In this thesis, in the voltage 

range of 375V to 385V, the current reference of dc-dc converter will be zero.  As seen from 

the droop curve, when the dc bus voltage is between 385V and 400V, the current reference of 

the converter is positive, which means the converter is charging the battery. Symmetrically, 

when the dc bus voltage is between 360V and 375V, the current reference of the converter is 

negative, which means the battery is discharging. In addition, the value of current reference 

has a linear relationship with the dc bus voltage. The slope of the droop curve is specially 

designed based on the power rating of the dc-dc converter. 

Based on the above introduction, the whole control loop of the dc-dc converter is drawn in 

Figure 2.3. 
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Figure 2.3 Current control loop of the bi-directional dc-dc converter 

2.3 Modeling and control design of grid-connected ac-dc converter 

In order to accurately regulate the dc output voltage, the control system of the grid-connected 

ac-dc converter should be stable and insensitive to disturbances in the input voltage and the 

load current. To obtain high performance control of the grid-connected converter, a good 

dynamic model is needed. In this chapter, state-space average modeling method is adopted. 

In this single-phase converter system, the state variables are the inductor current and the 

capacitor voltage, while the control input variable is the duty cycle of the switching network. 

In the real experiment, to make the controller design easier, d-q frame modeling of the 

converter is implemented. 
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2.3.1 Modeling of switching network 

For the single-phase full-bridge converter topology which is shown in Figure 2.4, there are 

two phase legs and each leg consists of two semiconductor power devices in series.  

Vac

L C
R

+

-

Vdc

iL

 

Figure 2.4 Grid-connected single-phase ac-dc converter topology 

Each semiconductor device behaves as a single-pole single-throw (SPST) switch, represented 

ideally in Figure 2.5(a). Each leg can be represented as a single-pole double-throw (SPDT) 

switch shown in Figure 2.5(b).  

+

-

v(t)

i(t)

(a)

Sa

(b)
 

Figure 2.5 Switch modeling 
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The switching function of SPST switch is shown below.  

 
1, ( ) 0, if switch s is closed
0, ( ) 0, if switch s is open  

v t
i t

s =
 =

=  (2.1) 

The switching function of SPDT switch is also represented below. 

 
1, if the upper switch is closed  
0, if the lower switch is closed  as 



=  (2.2) 

2.3.2 Modeling of single-phase ac-dc converter 

The simplified schematic of a single-phase ac-dc converter by applying the ideal SPDT 

switch model is shown in Figure 2.6. 

Vac

L Sa

Sb

Va

Vb

C
R

+

-

Vdc

iL

idc

 

Figure 2.6 Schematic of single-phase ac-dc converter by applying SPDT switch model 

According to the definition of the switching model, the following important deduction can be 

made. 

 
( )

( )
ab a b a b dc ab dc

dc a b L ab L

V V V S S V S V
i S S i S i

= − = − =
= − =

 (2.3) 

Then, write the inductor and capacitor state-space equations as following: 
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L
ac ab

dc dc
dc

diL v v
dt

dv vC i
dt R

 = −

 = −


 (2.4) 

Applying an average operator to switching model and get: 

 ab ab a bd s d d= = −  (2.5) 

where da and db are phase-leg duty cycles. 

Then, rewrite the state-space equations and get the following average model, 

 

L
ac ab dc

dc dc
ab L

diL v d v
dt

dv vC d i
dt R


= −


 = −

 (2.6) 

The matrix form of above equations is shown below: 

 
10

1 0

ab

LL
ac

ab dcdc

d
ii L vL

d vv
C RC

 −        = +             −    





 (2.7) 

2.3.3 Modeling of single-phase ac-dc converter in d-q rotating frame 

D-Q transformation is originally proposed in three-phase systems to simplify the analysis and 

control of three-phase circuits since the application of d-q transformation reduces the three ac 

quantities to two dc quantities. However, due to the only one phase in the single-phase 

system, this transformation cannot be used unless a second phase is created. 

In this section, an approach of d-q transformation for single-phase converter is adopted. In 

order to create a rotating frame, a minimum of two independent phases are required. So, to 
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realize the single-phase d-q transformation, an imaginary orthogonal circuit is hypothesized, 

lagging 90 degree from the original circuit. The ac voltage in real circuit and in imaginary 

circuit are represented as vac and vac_m, while the inductor current in real circuit and in 

imaginary circuit are represented as iL and iL_m. The relationship of real voltage and 

imaginary voltage is illustrated in Figure 2.7. The detail theory of single-phase d-q 

transformation can be found in [12]. 

 

Figure 2.7 Phase shift of 90 degree in real system and imaginary system 

The single-phase d-q transformation matrix is defined as Tam/dq, and its inverse matrix is 

defined as Tdq/am. 

 /

sin( ) cos( )
cos( ) sin( )am dq

t t
T T

t t
ω ω
ω ω

− 
= =  

 
 (2.8) 

 1
/

sin( ) cos( )
cos( ) sin( )dq am

t t
T T

t t
ω ω
ω ω

−  
= =  − 

 (2.9) 

where wt is the phase angle information of ac grid voltage. 

Substitute (2.9) into(2.6) and get: 
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1 1 1

1 1               

dq
dq dq dq dc

Tdc
dq dq dc

didTT i v d v
dt dt L L

dv d i v
dt C RC

−
+ = −


 = −

 (2.10) 

From (2.9), the following equation can be derived: 

 
1 0

0
dTT

dt
ω

ω

− − 
=  
 

 (2.11) 

Then, the state-space equations of the converter in dq coordinate are represented as: 

 

01 1
0

1 1                    

d dd d
dc

q qq q

ddc
d q dc

q

v di id v
v di idt L L

idv d d v
idt C RC

ω
ω

    −    
= − −        

        


   = −  
 

 (2.12) 

2.3.4 Small signal modeling 

Based on the average model of the single-phase converter in d-q coordinate in last section, a 

small signal model can be constructed by linearizing the state-space equations shown in 

(2.12). Define all the variables in steady-state to be Vd, Vq, Id, Iq, Dd, Dq. Apply steady-state 

analysis to the converter and the following equations can be derived. 

 

01 1 0
0

1 1 =0                    

d d d d
dc

q q q q

ddc
d q dc

q

I V I Dd V
I V I Ddt L L

IdV D D V
Idt C RC

ω
ω

 −        
= − − =         

         


   = −  
 

 (2.13) 

In steady state, the derivatives must equal zero. So from (2.13), the steady state operating 

point is derived assuming Vq=0,Iq=0. 
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d
d

dc

d
q

dc

dc
d

d

VD
V

LID
V

VI
RD

ω

=

= −

=

 (2.14) 

To construct a small signal model at a quiescent operating point, assume the input voltage 

and the duty cycle are equal to the steady state values Vd, Dd, plus some small ac variations 

ˆdv , ˆ
dd . Hence we have the following equations. 

 
[ ]

[ ] [ ]

ˆˆ ˆˆ 01 1 ˆˆ ˆ ˆˆ 0

ˆ1 1ˆ ˆˆ ˆ             ˆ

d d d dd d d d
dc dc

q qq q q q q q

d d
dc dc d d q q dc dc

q q

V v D dI i I id V v
V vI i I idt L L D d

I id V v D d D d V v
I idt C RC

ω
ω

     + +− + +   = − − +      ++ + +            
  + + = + + − +    +   

 (2.15) 

If erase the DC steady-state value of operating point and neglect higher order small signal 

items, the average model can be transferred to the small signal model which is shown in 

(2.16) and Figure 2.8. This small signal model will be used to design the controller in the 

next section. 

 

ˆˆ ˆˆ 01 1 1 ˆˆ ˆ ˆˆ 0

ˆˆ 1 1 1ˆ ˆ ˆ          ˆ

d dd d
dc dc

qq q q

d ddc
d q d q dc

q q

v d Ddi id V v
v Dqi idt L L Ld

I idv d d D D v
I idt C C RC

ω
ω

     −       = − − −                       
      = + −           

 (2.16) 
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+     -

+     -
+     -

+

-

ˆ
d dcd V

ˆd dcD v

q̂LiωL

ˆdv

d̂i

+     -

+     -
+     -

+

-

ˆ
q dcd V

ˆq dcD v

d̂LiωL

ˆqv

q̂i
ˆ

d dd I ˆ
d dD i ˆ

q qd I ˆ
q qD i C R

+

-

ˆdcv

 

Figure 2.8 Small signal equivalent circuit of single-phase ac-dc converter 

2.3.5 Control structure 

In the battery energy storage application, the power of the grid connected converter should be 

able to flow bi-directionally in order to charge the batteries with power from the grid and 

discharge the batteries power to the grid. So the converter should be able to work in rectifier 

and inverter mode respectively under different situations and also be able to switch between 

two modes seamlessly. For both modes, the dc voltage should be regulated to a certain level 

and the reactive current from grid should be controlled to zero for unity power factor 

correction. So a dual loop controller in d-q coordinate is presented in Figure 2.9.  
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Figure 2.9 Control Structure of the grid-connected single-phase ac-dc converter 

In Figure 2.9, the variables in red (Vac, Iac, Vdc) are the actual measured values from the 

circuit. The phase angle information of the ac grid is obtained by applying single-phase phase 

locked loop (PLL) to the single phase PCC voltage. Based on the phase information provided 

by the PLL, the single-phase dq transformation is applied to the ac grid voltage and current. 

In the control loop, Hv, Hid and Hiq are the transfer functions of controllers for dc bus voltage, 

active current and reactive current respectively. In the dc voltage loop, a notch filter at 120Hz 

is added to the feedback path to eliminate the second harmonic component of dc voltage. The 

d-q decoupled control is implemented based on(2.16). If a term q̂
dc

L i
V
ω

is added to ˆ
dd , then in 
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the d axis control loop, there will not have any influence from q axis. Likewise, q axis control 

loop is the same. K in the figure is the decoupling coefficient
dc

L
V
ω

. PCC voltage feed forward 

control is also implemented so that the controller will not be affected by the distortion of the 

grid voltage since only L filter is adopted [13].  

2.3.6 Voltage and current loop controller design 

Based on the small signal model in(2.16), the open loop transfer function of the system can 

be derived. Since decoupled d-q control strategy is adopted, the cross coupling between d 

axis and q axis of current regulation loop is eliminated. So the control-to-current loop 

transfer function can be deduced. 
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+ +
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R

+
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+ +
 (2.18) 

Since current and voltage of q axis only relate to reactive power, the contribution of charging 

and discharging dc capacitor from reactive power in one cycle will be cancelled. So the 

current of q axis q̂i  has no influence on the average value of dc capacitor voltage. Therefore, 

in this design, only d̂i  to ˆdcv  transfer function is considered. So the current-to-output voltage 

transfer function is: 
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For a digital modulator in this thesis, one switching period digital delay needs to be taken 

into account: 
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 (2.20) 

Ts is the switching period of the rectifier. 

The current loop block diagram is shown in Figure 2.10.  
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dd

 

Figure 2.10 Current loop block diagram 

Based on the above figure, the current open loop gain can be obtained: 

 ,d di i d delay iT G G H=  (2.21) 

The conventional current PI controller can be designed based on the above equation. The 

current controller is designed under heavy load condition.  

 
0.01( 30)

i
sH
s
+

=  (2.22) 

The bode plot of the current loop gain after compensation is shown in Figure 2.11. 
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Figure 2.11 Current close-loop gain bode diagram 

As shown in Figure 2.8, the crossover frequency is 200Hz, and the phase margin is 82 

degree, so the stability of the system should be guaranteed.  

Since the inductor current dynamics are much faster than the dc voltage dynamics, the 

voltage loop and the current loop can be designed separately.  

The voltage loop block diagram is shown in Figure 2.12. 
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Figure 2.12 Voltage loop block diagram 
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In voltage block diagram, the current loop can be simplified as a close-loop system which has 

the transfer function: 

 ,
_

,1
d d

d d

i d i
id cl

i d i

G H
G

G H
=

+
 (2.23) 

So the voltage loop gain can be written: 

 , _dc dv v i v id clT G H G=  (2.24) 

The voltage controller is designed under the same load condition. 

 
0.2( 5)

v
sH
s
+

=  (2.25) 

The bode plot of the voltage loop gain after compensation is shown in Figure 2.13. 

 

Figure 2.13 Voltage close-loop gain bode diagram 

The crossover frequency is 2.8Hz, and phase margin is 94 degree.  
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2.3.7 Single-phase PLL 

A detailed phase tracking system design for three-phase inverters is presented in [14]. Based 

on the method in [14], the single-phase PLL control loop is drawn in Figure 2.14. 

Vq_ref =0
PI 1

s
+

ω
θ

-Vq

d-q 
TransformationVd

Vac, Vac_m
 

Figure 2.14 Digital PLL control loop 

According to the conclusion of [14], the transfer function of the closed loop system is written 

in(2.26): 
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where 

 

2

p m
n

p m

K V

K V

ω
τ

τ
ς

=

=

 (2.27) 

With(2.27), the PI parameters can be designed to meet some dynamic requirements of this 

second order system.  
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2.4 Conclusion 

This chapter presents the control structure of the proposed energy storage system. The 

average model and small signal model of the single-phase ac-dc converter have been derived 

in d-q coordinate. Furthermore, a digital control system with double control loop is designed. 

Based on the proposed droop control curve, the current loop control of the bi-directional dc-

dc converter is also designed.   
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Chapter 3 Experimental Verification of Energy Storage System 
Operations 

3.1 System hardware description 

3.1.1 Bi-directional dc-dc converter 

A basic high voltage battery module includes a bi-directional dc-dc converter, stationary 

energy storage device (batteries), and battery management system. Among them, the dc-dc 

converter is the most important part to realize bi-directional power conversion. Dual active 

bridge (DAB) is a widely used topology in many applications these years [15][16]. Its 

symmetric structure with phase shift control modulation makes it easy to achieve bi-

directional power flow. Also, it can be combined with many conventional isolated dc-dc 

converters to become an isolated bi-directional dc-dc converter. A half-bridge push-pull 

structure is presented in Figure 3.1. This structure has advantages of simple structure, small 

number of switches, high transformer core utilization and ability to withstand low voltage 

high current.  
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Figure 3.1 Half-bridge push-pull bi-directional dc-dc converter topology 
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The bi-directional power flow is controlled by the phase shift angle between high voltage 

side and low voltage side. The operation of the converter is defined as charging mode when 

power flows from high voltage side to low voltage side and as discharging mode when power 

flows from low voltage side to high voltage. The sign of phase shift angle is designed to be 

positive in charging mode and negative in discharging mode. From the analysis of the 

operating principles of this converter, the power transferred by the converter can be derived: 

 2

( )( )
2

HV LV

s s

nV VP
f L
ϕ π ϕϕ

π
−

=  (3.1) 

The 1kWh prototype is shown in Figure 3.2. 

 

Figure 3.2 1kWh bi-directional dc-dc converter prototype 

3.1.2 Grid-connected ac-dc converter 

In this section, a 20kW grid connected single-phase ac-dc converter prototype is designed 

and a 1kW prototype is tested. The system set-up is shown in Figure 3.3. The design 

specifications of the system are shown in Table 3.1.  



 

30 

Vac

L C
R

+

-

Vdc

iL

Relay

Circuit 
Breaker

 

Figure 3.3 Grid-connected single-phase ac-dc converter system set-up 

Table 3.1 Design specifications of grid-connected ac-dc converter 

Power rating 20kW 

Input grid voltage 240V 

Input grid current 83.3A 

Output dc voltage 380V 

Output dc current 52.6A 

 

In the prototype, a three-phase-bridge IGBT inverter from APS (IAP100T120) is used and 

shown in Figure 3.4. According to the datasheet, the optimal switching frequency of Si IGBT 

based inverter is no higher than 20 kHz. Although higher switching frequency will help 

reduce the size of the passive filters (input inductor and output capacitor), considering the 

switching loss, in this design, the switching frequency is selected to be 10.8 kHz.  Since 10.8 

kHz is an integral multiple of 60Hz grid line frequency, the digital PLL and control loop 

design is much easier.  
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Figure 3.4 APS inverter 

For the input filter design, only L type filter is adopted. The inductance is 1mH, which is 

designed to limit the current ripple to 15%. The output capacitor is 3300uF, which is 

designed to limit the output voltage ripple to 5%. 

The entire control algorithm is implemented in a DSP control board, shown in Figure 3.5. 

The DSP chip being used is TI TMS320F28335. The system controls including voltage loop 

and current loop are all implemented in the DSP codes. The major functions of the control 

board are to obtain the analog samples of voltage and current from the sensors and convert 

them to digital signals, and use them to achieve a control algorithm, and generate four 

channels of PWM signals to drive the IGBT bridge. The functional diagram is shown in 

Figure 3.6. 
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Figure 3.5 DSP control board 

 

Figure 3.6 Functional diagram of DSP control board 



 

33 

3.2 System operation experiment results 

3.2.1 Grid-connected ac-dc converter operations 

Four states of the converter are defined in Figure 3.7, to make sure that any fault of output dc 

voltage, input ac voltage or input ac current in any moment will shut down the converter 

immediately. 

Standby

Vdc, Vac,Iac no fault & PLL working 
for 50ms

Close relay 
&

No fault for 50ms
&

Enable PWM
&

Vdc>379V

Vdc, Vac OVP/UVP
Iac OCP
PLL fault

Fault

Soft Start

Normal

Vdc, Vac OVP
Iac OCP
PLL fault

 

Figure 3.7 System state machines 

There are three stages to start up the rectifier before the dc bus voltage is regulated to steady 

state. First stage is diode rectifier mode with resistor. After closing the switch to the grid, 

since all PWM signals are blocked, diode rectifier is charging the dc bus capacitors through 

the resistor cross the relay in order to limit the inrush current. Second stage is diode rectifier 

without resistor. When the grid current is stabilized, the relay is closed to cut off the resistor. 
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Third stage is soft start mode. If there is no fault like over-current occurring during the first 

two stages, PWM signals are outputted and close loop regulation is working with dc voltage 

reference gradually increasing. When the dc bus voltage reaches a certain level, the soft start 

process is terminated and the rectifier operates in steady state. The start-up process is shown 

in Figure 3.8. And the experiment result is compared as in Figure 3.9. 

vdc

t

(1) (2) (3) (4)

(1) Resistor Charging
(2) Diode Charging
(3) Soft Start
(4) Steady State

 

Figure 3.8 Grid-connected ac-dc converter start-up process 

Grid voltage vac

Grid current iac

DC voltage vdc

 

Figure 3.9 Start-up waveforms of 1kW grid-connected ac-dc converter 
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The steady state test is done under 1kW resistive load condition. The input grid voltage is 

120V and the dc bus voltage is regulated to 380V. Figure 3.10 shows the steady state 

waveforms of grid voltage, grid current and dc voltage. It can be seen that the grid current 

has the same phase with the grid voltage, which indicates the unity power factor. The 

efficiency of the rectifier is about 95% under 1kW load condition. 

 

Figure 3.10 Steady state operation waveforms of grid-connected ac-dc converter 

3.2.2 Single battery module system operations 

In order to verify the whole system operation of charging and discharging, a system is set up 

as in Figure 3.11. The hardware prototype is presented in Figure 3.12. In the experiment, the 

ac-dc converter can control the power flow of the system by changing the dc bus voltage 

from 360V to 400V. The slope of droop curve is set to 16, which means the charging and 

discharging current of high voltage side when the dc voltage is at maximum and minimum 
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(400V and 360V) is 1.25A. Thus, for each DESD module, the maximum power of charging 

is 500W and the maximum power of discharging is 450W. The experiment results show the 

single module operation and two paralleled module operation respectively.  

120V
AC Grid

Full Bridge
DC/DC 

Converter

13V
Battery

Pack

+

-

Grid Connected AC/DC Converter

360V-400V
DC Bus

DC/DC 
Converter

13V
Battery

Pack

Circuit 
Breaker

Battery Module 1

Battery Module 2  

Figure 3.11 A 1kW energy storage system set-up 

     

Figure 3.12 Grid-connected ac-dc converter and battery module prototype 
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The system goes through start-up procedure after closing the circuit breaker to connect to the 

ac grid. The dc bus voltage gradually increases through diode rectifier and soft start 

algorithm. The dc-dc converter starts working when dc bus voltage reaches 350V. The 

operating range of dc-dc converter is set from 350V to 410V. When the dc bus voltage is 

regulated and increases to 400V, the battery module is working in charging mode. Charging 

current is 1.25A. When the dc bus voltage is regulated at 360V, the battery  module is 

working in discharging mode. Discharging current is also 1.25A. The start-up waveforms of 

both modes are shown in Figure 3.13 and Figure 3.14. 

 

Figure 3.13 Single battery module system start-up to dc bus voltage 400V 
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Figure 3.14 Single battery module system start-up to dc bus voltage 360V 

In order to test the dynamic performance of the system, the controller of the ac-dc converter 

keeps changing the reference of the dc bus voltage from 380V to 400V, and then from 400V 

to 380V, and from 380V to 360V and then from 360V back to 380V periodically, as shown 

in Figure 3.15. The dc-dc converter senses the dc bus voltage and automatically charges and 

discharges the batteries. The period of charging and discharging is about 14s.  
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Figure 3.15 Single battery module dynamic operation performance 

The steady state waveforms of charging and discharging at 400V and 360V are presented in 

Figure 3.16 and Figure 3.17. From the grid current waveforms, the ac-dc converter can be 

seen as working in rectifier mode at 400V and inverter mode at 360V. When dc bus voltage 

is 380V, according to the droop curve, the battery is neither charging nor discharging. So the 

dc-dc converter is working in hiccup mode, which is shown in Figure 3.18.  
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Figure 3.16 Steady state waveforms at dc bus voltage 400V 

 

Figure 3.17 Steady state waveforms at dc bus voltage 360V 
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Figure 3.18 Hiccup mode waveform at dc bus voltage 380V 

In this test, when the circuit breaker of the ac grid is suddenly open, the ac-dc converter shuts 

down immediately by working in protection mode. And then dc bus voltage is immediately 

supported by the battery at 380V as shown in Figure 3.19 and Figure 3.20. This is called anti-

islanding mode. However, when the grid is lost, the dc-dc converter should also shut down to 

make the whole system working in anti-islanding mode. But there’s no better way to shut 

down the converter automatically right now because it is difficult for the converter to tell grid 

lost mode from standby mode without communication.  
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Figure 3.19 Single battery module system anti-islanding mode at dc bus voltage 400V 

 

Figure 3.20 Single battery module system anti-islanding mode at dc bus voltage 360V 
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3.2.3 Two battery modules parallel connection system operations 

When there are two identical battery modules connected in parallel to the dc bus, each 

module will work independently based on their own droop curve, which is the same in this 

experiment. Since two modules are sharing the same dc bus voltage and their design and 

control are exactly the same, theoretically, the operation waveforms of each module will be 

exactly the same. Experiment results are shown in Figure 3.21, Figure 3.22 and Figure 3.23 

to verify the start-up, dynamic and islanding operations of this system.  

 

Figure 3.21 Two battery modules system start-up waveforms 
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Figure 3.22 Two battery modules system dynamic operation and current sharing 

 

Figure 3.23 Two battery modules system anti-islanding operation 
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Although the experiment results seems to demonstrate the equal sharing of two modules, 

there still might have some measurement errors that are not seen on the oscilloscope because 

of the display accuracy. In fact, a lot of factors may have influence on the current sharing, 

like the tolerance of sensors and circuit components, or even the length of the wires that 

connect each battery module and the dc bus port. So the acceptable tolerance of current 

sharing needs to be analyzed and discussed.  

3.3 Current sharing tolerance analysis 

In energy storage system, the purpose of current sharing analysis is to know the impact of 

battery current differences on the SoC differences of different battery modules. Although 

each module’s current reference and current loop can be well controlled, in reality they still 

have some tolerances due to the non-ideal components. Even if the current differences among 

different modules are very small, after many times of charging and discharging, the error will 

accumulate to large differences reflected on the SoCs of different batteries. After a certain 

time, error accumulation will reach an extreme point where all the batteries need to be reset. 

In real experiment, the voltage of each battery module needs to be monitored so that when 

the voltage increases or decreases very fast, we will know the SoC is about going to 100% or 

0% according to the SoC curve of the battery.  

As mentioned in the above section, tolerance analysis is necessary to verify the current 

sharing scheme. Normally, there are two ways to do mathematic tolerance analysis: worst 

case analysis and standard error analysis. Worst case analysis is to find the worst case effect 

of variables’ errors on the uncertainty of a function based on them. In a circuit, it just uses the 
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parameters’ boundary values to do the calculation and does not require prior knowledge of 

parameter distribution. Worst case analysis can be used as a tool to roughly evaluate the 

maximum range of a desired variable [17]. For the purpose of quality design, worst case 

analysis may cause overdesign, while standard error analysis is a more accurate way to 

evaluate design quality. However, in this thesis, the purpose of tolerance analysis is not used 

for design purpose, but for evaluating the possible current sharing errors between two 

modules at worst case scenario. So in this section only worst case analysis is being done.  

There are several general steps to do the worst case tolerance analysis. First, the system 

control loop design needs to be known so that the relationship of output variable and design 

parameters can be represented by mathematic equations. And then, the related stochastic 

variables in the system and their maximum tolerances need to be identified. Then derive an 

output function of the desired variable with all the related stochastic parameters. Last, the 

maximum tolerance of the output variable can be calculated by using the general error 

propagation equation [17]. Figure 3.24 shows the above procedures to do the worst case 

tolerance analysis.  



 

47 

System control loop design

Identify stochastic variables and their maximum tolerances:
x1, x2, … xn are stochastic variables,

Δx1,  Δx2, … Δxn are maximum tolerances of each variable

Derive output function:
y = f (x1, x2, … xn)

Calculate the maximum tolerance of the output variable:

1 2
1 2

... n
n

f f fy x x x
x x x
∂ ∂ ∂

∆ = ⋅∆ + ⋅∆ + + ⋅∆
∂ ∂ ∂

 

Figure 3.24 General procedures to do worst case tolerance analysis 

For each battery module, their control loop is shown in Figure 3.4. As being noticed, voltages 

at both sides are not regulated and only current loop is implemented in the controller. So in 

the control of the dc-dc converter, only high voltage side current is being regulated. But the 

reference of the high voltage side current is based on the dc bus voltage. So both dc bus 

voltage and high voltage side current are sensed and used in the control system, as shown in 

Figure 3.25. 
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Figure 3.25 The dc-dc converter system sample and control structure 

Based on the droop control structure in Figure 2.2, the follow equations are derived. 

 ( 380)
ref i

ref
ref

d

I I R
V

I H
R

= ⋅

−
= ⋅

 (3.2) 

Where, H is the voltage sensing gain and Ri is the current sensing gain. Rd is droop curve 

slope and Vref is the reference of the dc voltage. Both of them are constants. 

And then, we can simplify the desired equation as: 

 
I

HI K
R

= ⋅  (3.3) 
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Where, K is a constant. According to the worst case tolerance analysis theory, I is the output 

variable whose maximum tolerance we want to calculate. H and Ri are the stochastic 

variables that have impact on the output function. So using the worst case error propagation 

equation, the maximum tolerance of high voltage side current is derived: 

 

HV
I

I i

i

II H K
H K RI H

I I H R

∂∂
∆ + ∆

∂ ∂ ∆∆ ∆
= = +  (3.4) 

Suppose the voltage sensing tolerance and current sensing tolerance are both 1%, which 

means, 1%,  1%i

i

RH
H R

∆∆
= = . So by now, we can calculate the maximum tolerance of 

current I using equation(3.4) and get 2%I
I
∆

= . 

In the above analysis, high voltage side current is sensed and its tolerance is calculated. 

However, in order to accurately estimate SoC of the batteries, battery side current tolerance 

needs to be calculated. Since the droop curve is based on the high voltage side current, 

battery side current can only be estimated.  

 HV HV
batt

batt

V II
V

η⋅ ⋅
=  (3.5) 

However, as seen from the above equation, the estimation of battery side current will bring in 

more variations, efficiency and battery voltage. So a potential improvement idea is to sense 

the battery side current and design a droop curve based on the battery side current, which can 

be a new approach that worth to be further researched and verified. 
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3.4 Conclusion 

This chapter presents the control and operations of an energy storage system with two battery 

modules connected in parallel. Experiment results demonstrate the equal current sharing 

between two modules. But worst case tolerance analysis is still discussed. Based on the worst 

case analysis method, the impact of current tolerance on the SoC tolerance is analyzed. 

Notice that all the analysis is based on the worst case, so this method can only provide a 

rough estimation of the possible issue. 
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Chapter 4 Conclusion and future work 

4.1 Conclusion of present work 

The thesis focuses on the design and control of a stationary energy storage system based on 

parallel high voltage battery modules.  

The background of the thesis research is introduced in Chapter 1. Energy storage system 

plays an important and an inevitable role in nowadays power grid.  

Chapter 2 presents a distributed control structure of the proposed energy storage system 

including ac-dc converter stage and dc-dc converter stage. A detailed modeling and control 

design for a single-phase grid-connected ac-dc converter. In order to implement traditional PI 

controllers to control the dc output voltage and grid input current, the average model and 

small signal model of the ac-dc converter is built in d-q coordinate. And then, based on the 

small signal model and design specifications, a dc voltage outer loop with ac current inner 

loop control system is designed. More importantly, a droop curve is implemented in each dc-

dc converter to achieve automatically charging and discharging of battery modules.  

In Chapter 3, a 1kWh energy storage system prototype is built to validate the proposed 

control strategy. Two battery modules are built and parallel connected to the dc bus to test 

the bi-directional operation modes of the whole system. Experiment results demonstrate the 

successful start-up and steady state operations of the system. At last, tolerance analysis is 

conducted to discuss the possible current sharing issue among different battery modules. And 

a new approach of droop control curve is proposed based on the relationship of battery side 

current and dc bus voltage. The advantages of this approach are listed.  
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4.2 Future work 

The future research work on this topic can be focused on the following aspects: 

(1)  The power rating of the grid-connected ac-dc converter can be designed to a higher level 

so that more high voltage battery modules can be connected to the dc bus. Also, the 

efficiency of the system under different loads needs to be tested and optimization of the 

system needs to be done for higher power in the future. 

(2) For the energy storage system operations, the charge and discharge commands right now 

are periodically generated by the ac-dc controller for test purpose only. In the future, the 

energy storage system can be used in some realistic applications, like based on a PV profile, 

the charge and discharge of the batteries can be controlled by application level data or 

commands.  

(3) The new droop curve based on the battery side current can be designed and implemented 

in the dc-dc converter. The test results can be compared with those with traditional droop 

curve. 
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