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List of variables

V, u — Voltage (V)

R — Resistant, virtual resistant ({2)

I,i — Current (A)

SoC — State of Charge (% to rated value)
a — SoC droop factor

P, p — Power (W)

C. — Battery capacity/discharging coefficient (As)
L — Inductor (H)

C — Capacitor (F)

D — Converter duty cycle (%)

V., — Droop control reference voltage (V)
Vius — Bus voltage (V)

SoC — Average SoC (%)

v — SoC dropping rate (dSoC/s)



1 Abstract

This thesis presents a load sharing method applied in a distributed micro grid
system. The goal of this method is to balance the state-of-charge (SoC) of each
parallel connected battery and make it possible to detect the average SoC of the
system by measuring bus voltage for all connected modules. In this method the
reference voltage for each battery converter is adjusted by adding a proportional
SoC factor. Under such setting the battery with a higher SoC will output more
power, whereas the one with lower SoC gives out less. Therefore the higher SoC
battery will use its energy faster than the lower ones, and eventually the SoC and
output power of each battery will converge. And because the reference voltage
is related to SoC status, the information of the average SoC in this system could
be shared for all modules by measuring bus voltage. The SoC balancing speed
is related to the SoC droop factors. This SoC-based load sharing control system
is analyzed in feasibility and stability. Simulations in MATLAB/Simulink are
presented, which indicate that this control scheme could balance the battery
SoCs as predicted. The observation of SoC sharing through bus voltage was
validated in both software simulation and hardware experiments. It could be of
use to non-communicated distributed power system in load shedding and power

planning.



2 Introduction

Microgrid and smart grid have become a swiftly developing study area through
the last decade. Due to a vast improvement of power electronics devices and
their application, dc micro grid now has earned its positions in many industrial
systems and applications. Among them, distributed energy resource (DER) is
one of a kind, it is becoming more and more popular in many industries. Dis-
tributed power scheme offers considerable advantages than traditional power sys-
tem structure, which includes: enhanced system stability, high energy efficiency
in low voltage levels, lower maintenance cost and modularity [1].

One problem distributed power has to deal with is load sharing, when mul-
tiple sources are connected in one bus parallely, they are expected to share the
load in some way. For a system with energy storage devices, it is required that
the energy storage devices absorb and output uniform power [2]. One solution
for this problem is a central controller from which all converters receive control
signals. The central controller gathers information through an over-all com-
munication system from each device, and sends out proper controlling signals
based on its embedding algorithm [3]. An alternative way is to have decentral-
ized controllers implemented in each power source and load, which uses their
own sensor, communication network, processor with corresponding algorithm.
A widely known algorithm for decentralized controller is droop control, which
has been intensively studied in the past decades [4, 5, 6]. A droop controller reg-
ulates its converter reference output current based on a dropping voltage-current
curve, when the output power increases the bus voltage would drop, where the
bus voltage depends on load conditions.

There are many different ways in realizing droop control, most of them do



not take storage device status into consideration. But in some applications the
storage device status could be an important issue. For hybrid electric vehicles
(HEV), the priority of controlling system is to obtain close to 100% charge
efficiency or charge acceptance [7], while the charge acceptance for a battery
varies with its SoC. At a low state of charge the charge acceptance is close to
100% and becomes progressively poorer when above 80% SoC, thus the controller
should try to maintain SoC to a certain low value as close as possible [8]. Under
such condition, detection and communication of battery SoCs values become
vital important. In [9] a set of accurate SoC sensor and monitor system was
attached to regulate batteries’ output power. But such controlling scheme may
lead to conflict of interest with the micro power system, especially when droop
control method is applied. Droop control demands each power source to deliver
power depending on load condition and their default droop factor rather than
battery states, without proper setting the two control systems could end up
fighting with each other and causes stability issue. To over come this, droop
controller should take the battery status into consideration.

In this thesis a modification factor was added into droop method based on
SoC balancing. The mathematical analysis and simulation result show that such
setting could balance the SoC of batteries effectively. And due to the SoC-V
feature of this control method, that the each converter reference voltage was set
based on SoC state, the whole system SoC states could be shared by observing
bus voltage among batteries, loads or other sources.

This thesis consists of several parts: background, simulation study and hard-
ware test. Chapter 3 will provide a detailed background on the use of conven-
tional droop control, existing SoC balancing droop control and the presented

one. There will be a brief compare between different methods in droop curves.



In chapter 4, the controlling method used in the SoC balancing droop control and
its features will be described and discussed. The model applied in the mathe-
matical analysis will be explained as well. Chapter 5 will focus on the simulation
of this control method in different applications, which includes battery charging
and discharging process and different battery coefficients’ impact to the bal-
ancing effect. Chapter 6 will show a hardware test validating this method. In
the hardware test a system with two power sources supporting one load using
presented method will be presented. Analysis of the sensed data proved that
this method could achieve its object. All results show that this method could
successfully balance the SoCs of batteries in a system and put the average SoC

information on the bus line.



3 Background

Most SoC balancing studies focused on the series linked battery unit current
sharing problem [10, 11, 12], because battery unit was usually treated as a sin-
gle grouped module in the system. In papers studying this kind of problem,
the battery power sources would be classified as a single battery unit or a se-
ries connected battery bank. But in some applications, especially in distributed
power systems, each user, load or power source could have its own energy stor-
age device. They could be flywheel, fuel battery, traditional battery or storage
capacitors. In this kind of system the load sharing is not just about the series
battery current arrangement issue but a parallel load allocation problem.

To solve this battery load sharing problem, the distributed energy storage
units (ESUs) are commonly applied in a micro grid [13]. Usually an ESU con-
sists of two parts: a battery management system(BMS) and a power converter
system(PCS). The main function of BMS is to balance the string batteries’ SoCs
and control their output voltage, which has been mentioned. The power con-
verter system(PCS) is in charge of controlling the converters and regulating
their output currents, voltages and power. It is possible to solve the parallel
SoC balancing among battery units via controlling the PCS. In [14] a cascade
H-bridges is employed in PCS to balance the SoC of each ESUs, while in [15] a
low-pass filter is applied in the control system to improve the load distribution,
which consists of several kinds of ESUs. But all the methods mentioned above
were revealed by using a central control system, which is not very suitable for
decentralized micro systems.

Droop control method has been applied in a wide array of control systems. In

electrical systems it could be used in many scenarios like bus voltage regulating,
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automatic generation control (AGC) and motor control. For a DC grid droop
scheme, it could be simply described as decreasing the output voltage when
the output current increases. One conventional droop control application is to
program the converter controller to regulate its output impedance to achieve
current and power sharing among power supply sources. One feature of this
method is that with better current sharing, worse voltage regulation occurs.
According to [16], two advantages of droop control versus other load sharing
methods are that: it needs no wire connections among control circuit of parallel
converters and its simplicity in implementation and expansion. The controller
will sense the value of output current and voltage of each power converter, and

the reference voltage equation it would use is

‘/i - ‘/set - Rdroop [ia (1)

where V; is the iy, converter output port voltage, Vi is open circuit reference
voltage, Raroop is droop factor and I; is the 7;, converter output current.

Fig.1 shows how droop control works. For two parallely connected converters,
their droop curves are shown as in Fig.1. The converters try to regulate their
current based on the equation V' = V,.; — RI. Since they are parallely connected
their output voltages are nearly the same. Assuming bus voltage is Vj,s, the two
converters would locate their own operating point on the curve with the same
voltage value. For converter 1 its desired current is I, therefore it should regulate
its current to I; under such settings and so does converter 2. Therefore the load
sharing object is fulfilled. This process is shown in a simulation concerning two
power sources supporting one load. A diagram of this simulation is shown in

Fig.2. In this simulation, converter 2 has a larger droop factor, so its desired

11
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Figure 1: Droop control principle shown in V-I curves
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Figure 2: Simulated system applying droop control

output current is smaller, which can be seen from the simulation currents’ output

in Fig.3. In the simulation the load had a step change at 25 second, and the

converter output currents were reallocated after that, revealing that the current

sharing was affected by load condition too.

Each converter programmed in this method would regulate its output power

according to bus voltage and its droop factor Rgre0p. As mentioned in the intro-

duction, conventional droop control focuses more on load sharing and tracking
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Figure 3: Droop control simulation, current of converters, current
were reallocated at 25 s, when a load step change occurred
speed, while in some applications the storage device status is no less important.
In a system with energy storage devices, the storage devices’ capacity, output
power limitation and device charging/discharging status are all vitally impor-
tant to the health of the storage devices as well as operation of the system. For
example, requirement of the battery’s operating SoC is different. Usually it is
a required range for SoC. To achieve that, the converters of sources and loads
have to get the information about the SoC status of batteries in the system
and make adjustment accordingly. Therefore each battery’s SoC value has to be
sensed and sent to each converter via communication lines. Such modification is
straightforward but the advantages of droop control have been erased entirely:
it needs both a communication network now and more work in the building pro-
cess. The proposed solution is to combine the local SoC status with the droop
control scheme, but still, without communication each converter cannot get in-
formation about other batteries’ SoC status. One way to solve this is to balance

SoCs of all batteries in the system and share it in power lines.
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Among all different methods realizing droop control, there are two papers
presenting parallel SoC balancing methods. Their ideas are similar; their droop

factor from [17, 18] have reference voltage equations as

a T 0O
v;zvset—sf)cf; i s (2)

where SoC' is the battery state of charge, and p; is the converter output power.

The purpose of this method is to let the storage device with a higher SoC
output more power than others, to do that the high SoC battery would regulate
its power based on a smaller droop factor agreep, Which would lead to a higher
reference current I;. The tracking speed of the SoC of this method could be
modified through adjusting the power factor n. This is the discharging strategy
of the control method when the system has to use batteries to meet the load
demand. And when the power supply in the system is sufficient, each battery
would be controlled to get its maximum charging current/power in order to get
fully charged as fast as possible.

The main principle of this method is shown in Fig.4. Assume the converter

was connected to a battery with 50% SoC while converter 2 was connected to a

Adroop

SoC™ Di

fully charged battery. Set n to 1, from the droop relationship V; = V., —
the converter 1 droop curve would become the dotted one in Fig.4 with a steeper
drooping rate. From Fig.4 it can be told that converter 1 would output less
current than in the former situation and therefore its SoC would drop slower
too.

Theoretically during the charging process, the SoC-adjusting method could be
applied as well. Power that exceeds the need of the load might not be sufficient

to charge all batteries at the same time, and in order to balance the SoC the
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Figure 4: SoC Droop control principle 1

batteries with lower SoC should be charged more.

The method presented in this thesis is similar to the one mentioned above,
in that they both try to modify the droop equation based on the SoC status of
batteries. In this thesis the method modifies the droop reference voltage value
instead of the droop factor. The droop equation is V' = V,.; +aSoC — RI. This
process was depicted in Fig.5. Considering the same condition as shown before,
converter 1 has a half charged battery. The converter 1 reference voltage would
be V.5 4+ 0.5a while converter 2 reference voltage be V,.; + . The droop curves
for converters would become those new two in Fig.5 (in this scenario the initial
voltage references have been modified to have Veyper + 7% = V,cr). Then
converter 1 would reduce its current while converter 2 would increase, and the
batteries SoCs could be balanced as well.

Additionally, in this method one feature was-by the application of the SoC-
balance droop method- that the SoC information could be shared in the system

via bus voltage directly without communication lines. This could be an advan-
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Figure 5: SoC Droop control principle 2

tage for some separated micro grid with individual loads, storage devices and
sources, for which a communication line is costy.

In this chapter, principles of conventional droop control, existing and pro-
posed SoC balancing method were demonstrated and compared. Conventional
droop control could accomplish the load sharing object decently, but in some
applications of microgrid, the energy storage devices status should also be taken
its consideration. Existing SoC balancing method modifies the droop equation
by adjusting the droop factor based on battery SoC states, while the presented
method changes the droop reference voltage according to SoC status. Because
of the relation between SoC and converter voltage built using presented method,
and because that all battery SoCs are balanced, the SoC information could be

shared among all devices connected to the system by measuring the bus voltage.
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4 Proposed SoC Control Method

In this section the SoC control method, mathematical model and the param-
eter settings of modules are presented. Steady state and state-space equa-
tions describing the system are shown. Based on them a stability analysis is
done, the results showed that the studied system is stable using this control
strategy. One feature of this method is that the difference in battery capac-
ity /charging/discharging coefficients could affect the SoC balancing. After that,
the formula of SoC balancing speed is given, its features are discussed, reveal-
ing that a large SoC droop factor could increase the tracking speed. The SoC
droop factor’s several practice application limitations, both on system voltage
and batteries requirements, are listed. To fulfill these requirements, the SoC
droop factor has to be set under corresponding restrictions. Lastly the voltage-
SoC detection feature is presented, showing that all converter controllers could

get the information of system average SoC value by measuring the bus voltage.

4.1 Model of battery unit

Since the battery model used in this system only needs to demonstrate specific
feature, which is the relation between SoC and output voltage, there is no need in
building an over detailed dynamic battery model covering charging/discharging
process. Therefore the battery model used in this thesis is a simplified controlled
voltage source, whose Voltage-SoC curve is shown in Fig. 6. The equation form is
built based on [17], parameters of battery have been modified to acquire sufficient
output power.

The curve fitting tool in MATLAB was used to find an approximation SoC-V

function of this battery. The fitting algorithm is trust-region, and a two terms

17
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Figure 6: Battery SoC-Voltage fitting
exponential y = a exp(bx)+cexp(dx) (a, b, ¢, d are undetermined coefficients)

was chosen to be the fitting function. In the end the battery model Voltage-SoC

equation was given as

Viattery = 49.76¢(0-245450C) _ 45 17¢(~12:35500) (3)

)

where Vigiery 1s the battery output voltage, e is Euler’s constant. The SoC value

in this model is calculated from

SoC!(t) = SoCy — Oi / ot (@)

where SoC/(t) is the current SoC value, SoC(0) is the initial SoC value, C. is the
capacity of the battery, and 4., is the battery output current. The SoC value
was sent to the controller. In this thesis the battery capacity C. will be called

as the charging and discharging coefficient.
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4.2 Model of bi-directional converter

Converter used in the simulation is a bi-directional boost/buck DC/DC switch-
ing converter, whose output side voltage would always be higher than its input.
But the current could flow form the lower voltage side to the higher or inverse.
Scheme of this converter is shown in Fig. 7, this model is built using differen-
tial equations without switching part in pulse width modulation(PWM). The

equations describing this converter are

dig,
L—=V,— D
i Vi Vo (5)
av, .
COE =1, — Dip,, (6)

where L is the inductor, C; is the input capacitor, C; is output capacitor, V;
and V,, are the input and output voltage, iy, is the inductor current, i, is output
current, and D is the duty cycle for switches.

In the system that will be introduced in the next section, the output voltage

19



would be regulated to a certain value, that % — 0 and [, is a fixed value. From

(6) it can be deduced that i, = Di,, meaning that the converter could regulate

the current flow in and out of the source.

4.3 SoC control method

Control Diagram for
Battery 2

o
Battery —I—_g'ayn;ﬁ:f; —
Unit 2 .
Battery [+ “ . mS Load
Unit 1l v ; .
SoC1

Current B Voltage Control

Sensor Sensor Dlggram
for

Battery 1

SOC load sharing
Vdcl*=Vref + k*SOC1

Iref=Vdcl*-I*R

Figure 8: SoC control method diagram in blocks

The SoC control method presented in this thesis is similar to the one men-
tioned in [17], that they all tend to balance the SoC by modifying the droop
equation based on their SoC state. This method requires that the converter con-
troller has a SoC estimator for its battery, so that they could adjust their droop

curve based on that. The reference voltage regulation equation of this method

20



for each converter is

Vi = Vier + @;S0C; (7)

where V,; is the current open circuit reference voltage, and «; stands for the i,
SoC modification factor.

In this method «; is acting as a ‘droop’ factor for SoC in this scheme, its
value affects SoC balancing speed of the system. According to this equation, the
battery with a higher SoC would have a higher reference voltage which would in
turn leads to delivering more power to the system. Several limitations should be
taken into consideration to choose a proper factor. These rules and corresponding
effects will be discussed in Section4.5. Diagram of the system is shown in Fig.9.

Because the bus voltage is related to the battery SoCs, so there is no complete
steady state for this system. But during the PI adjusting process (seconds), the
battery SoC would only change little (< 0.1%), therefore the SoCs could be
treated as constant during that short period of time. The steady state of this
system is defined under such assumption. Despite the transient and switching

process of the system, the steady state equations of the system are

Vi = Vier + a1 SoCy (8)
Vie = Vi + az SoCs (9)
P Vrl;%—lvbus (10)
P Vﬂ%/bus (11)
prw »
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Figure 9: Two power sources with one constant impedance load

where i1, and 75 are converter output currents, R;,.q is the load resistant, Vi, is

system bus voltage.
Assuming the voltage drop on bus wire can be ignored, two converters have
the same SoC factors and virtual series resistant Ry = Ry = R, the output power

of each converter and their difference could be given from former equations as
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(SoC1 + Vs)(a(R + Rload)SoC1 — o Rload SoC2 + R V's)
R Rload + R(R + Rload)
(SoC2 4+ Vs)(—a Rload SoC1 + a(R + Rload)SoC2+ R Vs)
R Rload + R(R + Rload)
a(R + Rload)(SoC1 — SoC2)(a(SoC1 + SoC2) 4+ 2Vs)

dP = 15
R(R 4+ 2Rload) (15)
dl =11 — i = Dlibatteryl - DZibattery2
a(SoC1 — SoC2)
= 16
- (16)
v B QRload(Vs + Oé(SOCl + SOCQ) B 2Rload(Vs + OLSOC) (17)
bus B R+ 2Rload B R+ 2Rload

where P; and P, stand for converter output power, dP is the power difference
of two batteries, D; and D, are duty cycles of two converters, and SoC' stands
for the average SoC value.

It is seen from (13) and (14) that difference in SoC value will result in a
difference in power output shown in (15). Based on (4), assuming the batteries
have identical discharging coefficients, their output power will in turn result in
a corresponding SoC dropping, so that the higher SoC battery would have a
higher SoC drooping rate. Equation (17) revealed that, as long as the load is
stable, the bus voltage is proportional to the average SoC in the system. If the
load changes rapidly, the bus voltage can not reflect the SoC precisely. But if
the load resistant Rj,.q in the system is much larger than the virtual resistant

R, meaning Rj.q >> R, then the equation (17) is

Vius = Vs + aSoC' . (18)

So the voltage is proportional to the average SoC if the load resistant is much

larger than the virtual resistant.
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A PI controller was applied in this model to regulate the converter output

current, with the duty cycle control equation

Di _ a/((‘/s + « SOC;) - ‘/batttery (. imeasured)dt + .
‘/?s S C’L - Va ery 1 .
-+ b (( tano ) batttery - Zmeasured) + DO ; (19)

R;

where Dy is the initial duty cycle, i,easured 1S the measured current value. As-
suming the battery voltage is stable, and the SoC dropping speed of each battery
is much slower than the PI regulating space(meaning SoC does not change much
during the time PI controller regulates current to its reference), the average

model for this system could be written as

di
L, C;t“ = Vi — Dy uC, (20)
d UCI o . UCI - ‘/bus
4 di =D i T (21)
dirs
LQ dt == ‘/2 - DQ UCQ (22)
d UCQ . UCQ - ‘/bus
C =D - 23
2 di 2 12 R, ( )
. . %us
Dy ipy + Dy ipo = h ) (24)
load

where C] and (5 are output capacitors of converters, L; and Lo are inductors
in bidirectional converters.

The parameter setting for this analysis are :Substitute in the parameters
applied in this model showed in Table I; set bus voltage reference to 110V; set

initial SoC to 0.8 for battery 1 and 0.7 for battery 2; PI controllers regulate the

24



‘/;'ef +aSoC—Vyys

7 ; and the battery voltages are

output current as shown in i,,; =

set to 50V. Next, the solution is found from

Dyiy = (Vref +aSoC1 — Vi) /R1 (25)

Dsiry = (Vref +aSoC2 — Vi) /R2 (26)
, 50/ D1 — Vis

0 = Dyigy — (50/ ;ﬂ bus) (27)

0 =D — 28

2012 R ( )

%us - (DliLl + D2Z.L2)Rload ) (29)

and the values of variables at the equilibrium point are given as: D; = 0.438596, Dy =
0.440529, 171 = 6.89561A, i1 = 5.73037A, Vs = 110.976V .

The state matrix of this system is

_ Dy
0 5l 0 0
R,
el 4D, _ 1 DaRioad 0
A _ Ch C1R1 C1R1
0 0 0 -7
RioadD2
D1 Rioad 0 01%2 +D2 __1
CQRQ 02 CQRZ

Substitute the parameter values, the eigenvalues of this matrix could be calcu-
lated. That the eigenvalues of this matrix are

—9980.64, —19.3587, —5000 — 7244.29:, —5000 + 7244.29:.

The system is stable if all its eigenvalues’ real parts are negative [19]. From
the result above that all of the eigenvalues are located in the left half of the
plane, thus the system is stable at this equilibrium operating point.

The linear stability analysis including the battery charging and discharging

process was not done. Because, assuming the battery is supporting a load,
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Table 1: System element Parameter I

[tem Symbol | Value | Unit
Capacitor Ch 1000 | pF
Capacitor Co 1000 | wpF

Inductor Ly 1 mH
Inductor Lo 1 mH

Droop factor 1 Ry 0.1 Q
Droop factor 2 Ry 0.1 Q
Load Resistor Ripad 20 Q

there is no steady equilibrium point for battery SoC, as the system goes it will

discharge the battery until it hit its capacity limitation.

4.4 SoC balancing speed

By solving (8)-(12) and substituting the solution of battery current to (4) the

difference of SoCs changing speed could be given as vl = % and v2 = ngf’Q
dSOCl dSOC2 ibattery 1 ibattery 2
1—v2 = - =— -
v dt dt Cer Cer
(R A+ Ripea)(S0oC1 — SoC2)(a(SoC1 + S0C2) + 2V) (30)
o CeR(R + 2Rload)‘/z‘ .

From this equation it can be seen that the difference of SoCs, SoC1 — SoC'2,
determines the difference of vl and v2. The battery with a higher SoC would
have a higher SoC decreasing speed. And when batteries’ SoCs become identical
their SoC decreasing speed will be the same, though their SoC drooping speed
depend on the coefficient, C,, load resistant, R;,.q, and bus voltage, V;, as well.
The factor a could affect the SoC tracking speed too; the larger factor, the faster
balancing speed this system could have.

The above analysis is done based on the assumption that two batteries were
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identical, in real application such assumption may not be true. The discharging
efficiency would vary based on battery type, discharging voltage and surrounding
temperature [20]. If the charging coefficient of the batteries are different, (30)

would become

dSOCl dSOCQ

dt dt
1 (wSoCy — Vi) (a(R + Rload)SoC — aRypaaS0Cy + RV)
R(R + 2Rload>‘/i Cel
B (OéSOCQ + VS)(—OéRloadSOC1 + Oé(R + Rload)SOCQ -+ RV;) (31)
062 .
Then substitute SoC; = SoCy into (31) and solve for C,; results in
061 _ _CeQ(CYRSOCQ + RV;) _ 062 . (32>

—aRSoCy — RV

It shows that at the point where battery SoCs are identical, to have the same
SoC, the battery discharging coefficients have to be the same. Difference in them
would cause bias for SoCs balancing under this condition. This phenomenon

would be observed and discussed in the simulation section.

4.5 Limitation on SoC droop Factor

Although a large SoC coefficient « could increase the SoC balancing speed, there
are several limitations in a practical system on its choosing, which includes bus
voltage regulations, battery current limits, and transmission power limits.

1. Bus voltage requlation requirement.

Most loads require a stable voltage on bus line. According to different re-

quirements of load and system stability, the permitted operating range of volt-
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age would vary [21, 22, 23]. Assuming the required voltage regulation range is
+u% and the virtual resistant is R, with a battery current limitation I;,_ae

and ,ui—maz the factor of SoC should fulfill

o+ [chargefmaxR < u‘/s (33>

]discharge—maatR < u‘/s . (34)

2.Battery output current limitation.

Due to capacity and material condition limitation, battery has a limitation for
its maximum output power, with regular working status it is marked as current
limitation [24]. Assuming the battery rated voltage is Vigitery and has a current
limitation as 4,,,,, consider the worst situation that one fully charged battery is

delivering power to the load, the factor of SoC should fulfill

Vi +a .
— <z - 35
Rload + R ! ( )
Simplifying the inequality (35) to
a < ((Rload + Rﬂmax - V;;) . (36>

this limitation ensures safety when a fully charged battery is plugged into a
system with minimum operating voltage.

3. Transmission power limitation.

According to (15), with a high enough SoC control factor a, in order to bal-
ance the SoC one of the batteries will try to deliver power to another, meaning
1172 < 0. One of the reasons to avoid this result is the poor energy trans-

fer efficiency from one energy storage to another, during which both charging
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and discharging process contain considerable power loss. It is also highly rec-
ommended to minimize this kind of operation [25] because it would shrink the
battery’s lifetime [26]. By solving (8)-(12) the formula of iy, is could be given.
Assuming battery 1 has a larger initial SoC and its difference with battery 2 is
dSoC, to make sure i, > 0 the SoC factor must fulfill

o < iV,
dSoC Rload — R SOCQ ’

(37)

Above are the three major limitations on SoC factor choosing. All of them
were considering the worst operating conditions, from the simulation it can be
seen that aside from these extreme conditions, the SoC factor has a wider choos-

ing range.

4.6 Bus voltage-SoC detection

One advantage this control scheme possessed could be seen from (18), that the
bus voltage changes linearly along with the system average SoC value. For load
and power source sides, the operator could easily get the information of the

system SoC average status without communication lines using equation

(38)

Information needed are the bus voltage value, SoC droop factor o and initial
reference voltage V,, which could be given to the operator when setting up the
system. To get an accurate SoC average value there are several requirements:

1. Load resistant has to be stable: if the load oscillates too severely or heavily,
(17) can not be simplified to the equation above.

2. The operator have access to the value of each batteries’ SoC droop factor
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« and initial reference voltage V.

3. Batteries share similar charging/discharging coefficient: because a large
difference in charging coefficient would result in balance bias(discussed in section
4.4), the SoC estimation would have some bias (this effect could be mitigated
by adjusting droop factor, introduced in section 5.2.2).

Generally, as long as the system is well designed and functioning well, this
method could be applied and work smoothly. Application making use of this

feature would be demonstrated in section 5.5.

4.7 Method summary

In this section the proposed SoC balance droop control method was presented.
The models used during the study were discussed and demonstrated, which
including battery, bi-directional DC boost/buck converter and controller systemn.
Mathematical analysis on feasibility and stability on this method were done,
the results showed the studied system applying this method is stable at the
desired operating point. Under proper settings this method could effectively
balance the SoC of all batteries in a parallel connected power system, additionally
information of the average SoC of all batteries in system could be put into the
power line in form of bus voltage value. The SoC balancing speed and SoC
droop factor limitation were discussed as well, conclusions were that the value of
SoC droop factor o has a positive relation with the SoC balancing speed. Due
to consideration of practical limitation both on battery and power system, the
choice of SoC droop factor is limited. Results also showed that the difference
in batteries discharging coefficients could affect the SoC balancing, this feature

will be discussed again in the following chapter.
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5 Simulation Study

The simulation is done using MATLAB/Simulink R2014a, models used in the
simulation were built according to the average differential equations as shown
in (20)-(24). In this section several different scenarios will be simulated: two
batteries support one load; two batteries and one solar cell support one load; two
batteries charged by solar cell; impact of different battery charging coefficient
on SoC balance; droop factor in mitigating battery coefficient difference issue.
The SoC balance results, output current and power of batteries and bus voltage
simulated values will be shown and discussed in each scenario. The results show
that this method could balance the batteries SoCs well when batteries share
similar charging/discharging coefficient, while the fact that bus voltage drops
along with average SoC was observed. At last a comparison between conventional
droop control and SoC balance control in an insufficient power supply system
is demonstrated, showing that the system with SoC balance control could avoid

possible bus voltage crush and do reasonable load planing and shedding.

5.1 Simulation of two batteries support one load

In this part two identical batteries are connected to the system with different
initial SoCs. The simulated diagram is shown in Fig.10. The parameter setting
in this simulation is listed in Table II. The values set for inductors guaran-
teed that the converters were working in continuous mode, the battery charg-
ing/discharging coefficients were picked coordinated with the load value so that
the battery would not run out of energy too fast, yet still has an considerable
drop in SoC.

The output power and SoC of batteries are shown in Fig.11 and Fig.12. From
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Figure 10: Simulation system diagram

these figures it can seen that the two SoC values were well balanced. There was
some bias in the end caused by bus series resistor but is relatively small. At
the very beginning there was some negative current goes into battery 1, this is
due to a large SoC factor a = 10, which was chosen to make a faster balancing
speed, if the factor was chosen to make sure there will be no input current for
batteries the factor should be no larger than 2 (calculated using ( 37)) but the
tracking speed would be much slower.

Table 2: Simulation Parameter 11

Item Symbol | Value | Unit
SoC1 SoC} 40 %
SoC2 SoC, 50 %

Battery 1 capacity Ce1 10000 | A's
Battery 2 capacity Ceo 10000 | A's
Bus Series Resistor R, 0.001 Q

SoC factor a 10 | N/A
Load Resistor Rpua 20 Q
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5.2 Simulation of batteries with different charging coefficient

5.2.1 Impact of difference in battery charging coefficient

As mentioned in section 4.4, with different charging/discharging coefficient two

batteries can not reach identical SoC status. By solving equation

Z.batteryl ibatteryZ (39)

Ce 1 CeQ

the difference of SoC at the point where SoC differential are same for both

batteries can be given. The solution of (39) has a complicated form as

acelRloadSOCQ - aceQRloadSOC2 + 20@2R2‘/s + CelRloadV:% + CCQRload‘/s

2ace2(R2 + Rload)
B \/4C1Ce2R1 Ry + 4Ce1Cea(R1 + R2)Ripad + (Cer + Ce2)2R2, 4 (aS0Cs + V)
ZaceQ(RQ + Rload)

ASoC =

- SOCQ .

(40)

The charging coefficient of battery 1 is 10000 and battery 2 is 5000. Assuming
they reached balanced SoC when SoC5 = 0.3 and substituting the data in table
I1, it can be given that SoC would be 0.318 under such setting. There is a 0.018
bias of SoCs between batteries under this setting. One could use (40) to estimate
the SoC difference at the steady point reached applying this control method.
The simulation results applying different battery discharging coefficients are
shown in Fig. 13 and Fig. 14, from these graphs it can be seen that the es-
timated gap between batteries SoC values when they reached an identical SoC
decreasing status. The green dot line represents the higher discharging factor
battery, showing it tried to output less power in order to stay at a similar SoC

level with another battery, which can be seen in Fig. 14.
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5.2.2 Droop factor compensation for battery discharging coefficient difference

As (30) indicated, there is no way to re-balance the SoC by modifying SoC
droop factor a@ when two batteries don’t share a same discharging coefficient,
but another tunable factor, the outer current droop factor, R, could affect the
output power as well. As mentioned in background section, converters applying
droop control regulate their output current based on load condition and droop
factor too, a smaller droop factor shapes a flatter droop curve, and leads to more
power output under same voltage level, this feature could be used to compensate
for unbalance SoC states caused by different discharging coefficients. Take (39)

and solve for Ry assuming SoC'1 — SoC2 = 0, the result is

Cr R2
R, = . 41
o (41)

The system simulated is the same batteries-load system as shown in Fig.10.
Substitute the parameter used in previous section, it can be given that the over
all droop factor for converter 1 should be half the value of converter 2, meaning
Ry = %Rg. To validate this compensation effect, the previous simulation was
done again applying the new droop factor (In the model the total output factor
consists of the virtual factor and the real wire resistant; in the calculation they
were summed up). The SoC portraits and the converter output power are shown
in Fig.15 and Fig.16, from the SoC figure it can be seen that the gap between
SoCs has been narrowed, yet the SoCs are still not fully converged. This might be
caused by one of the assumption made when solving (41), that the SoC dropping

balanced point SoC, is unknown actually, what applied is the value got from

previous simulation result. To fully address this problem further work is needed.
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5.3 System with power source

In previous chapters the system under study had storage and load only, but in a
practical system it is most likely to have some other power sources. For example,
in a self-sustained community system the possible energy sources could be solar
panel and wind turbine generator [27]. To test this control strategy with other
power sources, a solar cell with rated power of 380W was connected to the system
shown in Fig. 17. The operation rule for this solar cell is to deliver constant
power to the load when bus voltage is under maximum tolerated value. The
simulation results are shown in Fig.18 and Fig.19. Still a large o was chosen to
see a faster tracking.

From the figures it can be seen that the two batteries were powering the load
based on their own SoC status: battery 1 with a lower initial SoC was delivering
less power than battery 2 at the beginning, and after 100 s, when two batteries
SoCs are converged, their discharging power became identical.

Another simulation regarding charging process is performed as well, in this
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case the load requirement was set to be less than the solar cell rated power thus
the two batteries should be charged based on their SoC status. The simulation
results are shown in Fig.20 and Fig.21. From Fig.20 it can be seen that the two
battery SoCs were converged in the end, but before 100 s the SoC of battery 2
was dropping while battery 1 SoC was increasing meaning that battery 2 was
outputting power to the system while battery 1 was being charged. The power
difference could be seen in Fig.21 as well, that solar cell was charging both
batteries after 100s, and before that the battery 2 is trying to deliver power to
reach identical SoC due to the choice of alpha again, eventually both batteries

were charged equally.
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Figure 20: SoC of batteries charging with sources
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Figure 21: Power of batteries with sources
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5.4 Simulation on charging/discharging switch process

In order to observe the transaction using this method when battery switches
from charging to discharging status, a simulation concerning this scenario was
made. In this simulation the solar cell was delivering sufficient power covering
the load at the beginning, but after 200 second it was shut down, and after that
batteries have to support the load. The initial battery SoC setting is the same
with the former batteries-solar cell-load system. Battery 1 had a lower initial
SoC.

The simulation results for the battery SoCs are shown in Fig.22, the power
converter output shown in Fig.23 and the bus voltage shown in Fig.24. From
the figures it can be seen that the batteries were charged based on their SoC
status at the beginning, battery 1 was receiving more power. After 200s, solar
is off and two batteries have to support the load, and they shared the load
based on their SoC states and kept on approaching identical SoC status. In the
end the SoCs were converged. But from the bus voltage figure Fig.24 it can be
seen that there is an obvious voltage step change at t=200s, this was caused by
the wire resistant Ryus and virtual resistant R;. The reference output voltage
of converters were not changed during the whole process, but as the current
flows direction reversed suddenly along converter output wires, there would be
a sudden reverse voltage drop on the virtual resistant between converter output
port and the bus. This phenomenon does not disturb the SoC balancing process,
but could affect the accuracy of SoC-voltage detection, which will be introduced

in the following section.
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Figure 23: Power of batteries in charging/discharging switching
scenario

5.5 Application of V,,, — SoC detection

In this section the feature that this method could put SoC information on the
system bus voltage will be demonstrated, to observe this effect a compare be-
tween SoC control and droop control was made. The simulated system was the
same as shown in Fig.10, the initial SoCs of batteries were set to 0.5 and 0.4.
A conventional droop control was applied to the system with a droop coefficient
R = 1, the bus voltage and SoC status are shown in Fig.25 and Fig.26, from
the figures it can be told that the bus voltage barely changed throughout the
time. Because the droop control equation V' = V, — al indicates that the output

voltage would only change along with the load, from both views of the load and
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source sides there is no information of batteries’ SoC status.

115 : g

Voltage (V)

1095 100 200 300

Time (s)

Figure 25: Bus voltage with droop convention control

The simulation of system with SoC control are shown in Fig.27 and Fig.28.
As the figures showed, the bus voltage drops along with the system average SoC.
Therefore, by measuring the bus voltage, operators of load or source side can
get an over all information about the SoC status of the whole system and make
decisions accordingly. In the scenario simulated if the system operator wants to
maintain the battery SoC at certain level or make sure the system works within
voltage regulation range long enough until outer energy source being plugged
in, it may be a wise choice to shed loads. One interesting feature is that if the
battery was fully charged the bus voltage would be higher than its desired value.

It is vital to keep tracking SoC of batteries in some systems while operating,
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Figure 27: Bus voltage with SoC control

conventional solution would be a communication platform covering the whole sys-
tem [28], which gathers information form all batteries, distributed power supplies
and loads, and make optimal plan according to estimations including weather,
load and power price (when connected to main grid) [29][30]. All of such op-
erations need the data of SoC. By applying this control method, the operator
can get access to the SoC information of batteries without communication lines,
which could save the cost of building one.

The following simulated scenario is a micro system whose only outer source
is a solar cell as shown in Fig.17, and the solar irradiation would vary during the
day. A simulation concerning insufficient energy supply conditionis presented.

In this simulation, the solar cell was shut off until 200 s, presenting insufficient
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irradiation times. The two batteries were supposed to support load with a re-
sistant of 25¢2 and survive the insufficient energy time. As shown in Fig. 29,
the system experienced a voltage collapse after 130s. And after 200 s, when the
solar panel was reconnected to the system with sufficient power supply, the solar
panel started to charging both batteries and the bus voltage was raised back to
its rated value.

For a load side operator in this situation, there was not much could be done
to prevent it. In such condition, the only solution is to cut off the loads. To
make a decision on the load shedding, the following information is needed: 1.
Remaining battery stored energy; 2. Load estimation; 3. Time remaining until
outer sources reconnected. What the system operator lacks here is the first
information, unless a communication system links batteries and load, no load
shedding actions could been seen as reasonable. An oversize load shedding could
harm the benefit of users and operator, while a insufficient shedding could just
lead to another crush as well.

A system using SoC control would have bus voltage value shown in Fig.30.
It looks similar at the beginning to the former one, but this time the voltage

represented the average battery SoC status, and at t = 40s by doing a simple
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induction based on(38), the load operator could be aware of that all batteries
have a SoC below 10%. With a quick check on load demand and power supply
estimation, it is clear to cut certain loads to make sure system survive the in-

sufficient power time. Assuming the lower SoC limitation of battery is 8%, the

maximum load current the batteries could support would be ATS(;’EC = 1.25A, so
the load should be cut to Rj,.q = 88(2. After 200s the bus voltage was raising,
meaning the solar source was delivering power into the system, thus the shaded

load could be reconnected to system again. The process is shown in Fig. 30.

Here it can be seen that the system survived the insufficient power period.
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Figure 29: Bus voltage with convention droop control, insufficient

power condition, the batteries ran out of all capacity after 130s
and the system was down
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Figure 30: Bus voltage with SoC control, insufficient power
condition, at t=40s the operator noticed that bus voltage was too
low, revealing that there was no sufficient capacity left for all

loads, after reviewing load plan and solar power estimation some
loads had to be cut

5.6 Simulation summary

As the above simulations showed, the SoC balance control could effectively share
the load based on battery’s SoC state, effect of this method is that all batter-
ies connected to bus would share an identical SoC. There is a condition that
affect the balancing effect, which is the batteri coefficient: SoC balancing pro-
cess would have some bias due to the battery charging/discharging coefficient
difference. According to (40), a larger dC, would lead to a larger balance bias.
Simulation concerning the batteries charging process was done, in the simula-
tion batteries were charged based on their SoC states, the results showed the
batteries shared an identical SoC states in the end. Lastly a scenario concern-
ing insufficient power supply in micro system was demonstrated, compared to
conventional droop control, SoC control could deliver the system SoC state in-
formation to the load side through power line, therefore the load manager could

arrange its load plan and shedding based on this information.
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6 Hardware Test

In this thesis a hardware experiment was conducted to validate the simulation
result and test the performance of the SoC balancing droop algorithm on real
devices. The devices used in experiments are: a power electronics drive board,
DS1104R&D controller board and CP1104 1/O board. Their lab screen shot is
shown in Fig.31. The circuit diagram of the power electronics drive board is
shown in Fig.32; each port was connected to the bus via a bi-direction converter
controlled using pulsewidth modulation(PWM) method. During the experiment
two scenarios of two batteries with one load (as shown in Fig.9) were demon-
strated, and port Al and Bl were chosen to be connected to power sources
representing batteries, while port B2 was connected to a DC motor with speed
control. The connection diagram is shown in Fig.32.

The power electronics drive board has two independent 3-phase PWM invert-
ers, which were designed to simulate control of two DC machines. Duty cycle of
each pair of converters, PWM frequency, and the duty cycle controlling method
could be programmed in its Simulink model. After programming, a set of DSP
files were generated and a virtual DSP controller was set in the computer using
Dspace. The controller could gather the data collected in the power electron-
ics board and give out the controlling signal (Duty cycle in this situation) via
CP1104 I/O board. The real time current, bus voltage and motor rotation speed
were sensed using the embedded sensor on the power electronic drive board.

Real batteries were not applied in this experiment. Instead, two power sources
with constant voltage were connected to the board as mentioned. According to
Fig.6, the battery’s voltage drops little within normal operating range(from 0.4 to

0.9), so the battery could be seen as a constant voltage source in that SoC range.
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The two power sources have been set to have constant output voltage despite
their SoC status in this test. This setting provided a virtual battery model with
a flat V-SoC curve. Because of that, the hardware test didn’t reveal the V-SoC
relation of batteries in the experiment results. In the system studied, the values
converters try to regulate are their output current, so as long as the converters are
working in continuous mode and could regulate their output current to reference
value, this limitation of the battery model could be neglected. To get the battery
SoC values for the controller, the sensor on the power electric driver board will
sample the output current of each converter and send them to the programmed
DSP controller via CP1104 1/O board. The embedded calculator in the controller
then will calculate the SoC value using (4) and send duty cycle signals(according

to its algorithm) out to the PWM generator in the power electronics drive board

via I/O board.

6.1 Scenario I: Two identical batteries support one load

Scenario I presented two batteries supporting one constant load; virtual battery
2 was set to have a higher initial SoC. The initial SoC for virtual battery 2 was set
to be 0.8 while battery 1 is 0.6. Calculators programmed in DSP1104 will get the
sensed current of the two converters and give out their real time SoC states using
(4). To apply the presented method, the droop reference voltages for each battery
were modified using (7). The motor controller was set to regulate the motor
speed to a constant value using the PI control method. In the experiment, a step
change in load side was set to test the system stability under large disturbance,
the desired rotating speed changed from 400RPM to 1200 RPM at ¢ = 90s. The
default reference voltage, Vi, in (4) was set to 48V while the SoC droop factors

a were set to 4, therefore the bus voltage would be 50V when the average SoC
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Figure 31: Experiment devices

system is 0.5. The battery coefficients were set to 200 to have a considerable
SoC drop.

The DSP control board has a signal recorder and could transmit its gath-
ered data into a MATLAB data file, the sorted data (including motor rotating
speed, bus voltage, battery SoCs, and battery output currents) were exported
and shown in Fig.33. To validate the reliability of the data a TDS2014B os-
cilloscope was connected to capture bus voltage and battery currents; the wave
forms of them are shown in Fig.34 and 35.

From Fig.33 it can be seen that the two batteries were trying to reach the same
SoC status via regulating their output current. At first, battery 2 had a higher
output current (around 0.5A) than battery 1 (near 0A). When two batteries
shared the same SoC value, their output current became identical as well. One
feature that should be brought up here is that during the time period 0 — 70s,

battery 1 had some negative current flow, it could be noise or due to a large
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Figure 32: Experiment connection diagram

SoC droop factor a. According to the SoC droop factor limitation discussed in
section 4.5, in order not to have transmission power between batteries, a smaller
SoC droop factor should be chosen(calculate using (37)).

In Fig.34, the current values gathered from oscilloscope, it can be seen that
before 50 s, battery 1, with a lower SoC, tend not to support the load, whose
output current was oscillating around zero. While the other battery, battery 2,
with a higher initial SoC, was driving the motor alone. After 50 s the motor
increased its rotating speed, and it can be seen that there was a step changing
of motor speed and current in Fig.33(a),(d) and Fig.34. After around 100 s the
SoCs have been balanced, then the two batteries output currents were converged;

the output current shared a similar value.
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Figure 33: Experiment data, figure(a) showed the motor rotating
speed; figure(b) represented SoC values of two batteries, that they
were well balanced after 100s; figure(c) is the bus voltage value,
drooped along with the SoCs; figure(d) and figure(e) depict the
output currents of two batteries, at beginning only battery 2 was
delivering power to system, as the load became heavier and SoCs
been balanced, battery 1 started increase its output power
accordingly
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Figure 34: Scenario I: Sampled output current of two batteries in
oscilloscope, the yellow line stands for battery 2 current, blue line
stands for battery 1 current. Where the yellow arrow pointed is the
reference point(0A). The output currents were converged after
100s.
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Figure 35: Scenario I: Sampled bus voltage in oscilloscope, voltage
was dropping along with the time.
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6.2 Scenario II: Two batteries support one load with different dis-

charging coefficient

Scenario II studied the impact on SoC balancing cause by difference in battery
discharging coefficients. The parameter settings were the same as scenario I,
except that battery 1 had a smaller discharging coefficient, C, = 100, than
battery 2. Motor reference speed was set to 1200RPM. According to previous
analysis, there will be bias in the SoC balancing result when two batteries reach
the same SoC dropping rate. According to (40) the estimated bias of SoC balance
is ASoC = 0.1; the experiment data gathered by recorder is shown in Fig.36.

From Fig.36(b) it can be seen that there is an obvious gap between the two
battery SoCs at the steady states. The blue line represents for current of Battery
1, with a smaller discharging coefficient, laid below battery 2, even though the
former battery was delivering less power as could been seen from Fig.36(d)(e).
The same phenomenon is observed in the current detected by the oscilloscope in
Fig.37, the blue line, representing battery 1 current, was always lower than the
yellow line, demonstrating that this battery was trying to give out less power in
order to have a slower SoC dropping speed.

A zoomed in view of Fig.36(b) is shown in Fig.39, it can be seen that there is
a SoC gap of 0.1 between two SoCs as estimated. To fill the gap one could use

the method discussed in section 5.2.2 by modifying the droop factor.

6.3 experiment conclusion

In the hardware test part, two simple battery-load scenarios were tested, the
experiment results showed this method could balance the batteries SoCs well

under the experimental setting. The condition that batteries with different
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Figure 36: Experiment data of two batteries with different
discharging: figure(a) showed the motor rotating speed; figure(b)
represented SoC values of two batteries, that there was some bias

when the SoC dropping rates were the same after 100s; figure(c) is
the bus voltage value, drooped along with the SoCs; figure(d) and
figure(e) depict the output currents of two batteries, its difference
with scenario I is that after 100 s, battery 1 was still outputting
less power
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Figure 37: Scenario II: Current data sensed using oscilloscope,
green line stands for battery 1 current and yellow line stands for
battery 2. Due to a larger discharging battery 1 was delivering less
power in order to save its SoC
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Figure 38: Scenario II: Sampled bus voltage in oscilloscope
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Figure 39: Scenario II: SoC zoomed in image, the gap between
SoCs after t=100s is around 0.1, validated the estimation

charging/discharging coefficients were performed as well. But the unstable or
heavy load scenarios have not been tested, besides the battery model used in this
experiment was an ideal constant voltage source. The drop voltage in battery

might affect the SoC balancing but not this is included in this study.
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7 Conclusion and future work

This thesis presented a SoC balancing load sharing method. It is a modified
droop control method. Its working principle, benefits and limitations were
demonstrated and analyzed, and several working condition simulations were per-
formed. Generally it modifies the droop equation based on its sensed SoC states;
more precisely, the droop control reference voltage based on battery SoC value.
Mathematical analysis showed this method had limits for choosing its SoC droop
factor, and there is a trade off between SoC balancing speed and current sharing.
As a result, all battery units applying this method in a micro system approach
an identical SoC value. The bus voltage becomes related to the average SoC
status in system. This feature, for a system with multiple storage devices, could
be helpful in keeping a steady system and retaining sufficient storage capacity,
load planning and shedding. A hardware test, using DSP and DC micro systems,
was conducted to validate this method. Both simulation and hardware results
showed that this method could handle the SoC balancing problem well and could
put the SoC information on the system bus. This approach gives all devices in
this system access to the overall battery SoC information by measuring the bus
voltage without special communication lines. Such feature could be useful for
load planning and shedding in distributed power supply systems.

Several models used in simulation and hardware test in this thesis, including
battery and load model, were ideal or simplified. The battery’s nonlinear V-SoC
relation was not considered in the hardware test, and the charging/discharging
feature of the battery was not applied in both the simulation and hard ware test
models either.

The future work would be digging deeper into the battery charging/discharging
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coefficient compensation study, hardware test on real batteries and considering
both charging and discharging scenarios. The SoC droop factor o needs more
study too, because its value affects the balancing effect and battery operation as
well, which makes it a good topic for optimization study. For real application,
the battery discharging coefficient is not constant, its changing in could affect
the balancing result. Lastly, the voltage-SoC detection needs more improvement,

both in real voltage signal sampling and processing.
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9 Appendix

9.1 Simulation block scheme in MATLAB/Sinmulink

| abelols

lonuo) abejjop 00S

¢ ebeio)s

Buipas Jajpweled

|2pow peoT/wa}sAs

Figure 40: Main structure of simulation model

65



Zlonuo) abeyjop Id

clEos
L
TEds
[&1.1
oluU=EED
OLL

e
|

TRERGRS

Ll

sues
<77

3
<
g
=y
[<1]
[[=]
(4]
i £ 3
sl "~ 3 j " " |
S !
gll:
R
g
it

1o

Eﬁ
&

Figure 41: Control part applying SoC balancing control
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Figure 42: Battery model with converter built for simulation
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9.2 Control model for electronic drive board in Sinmulink
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Figure 43: control model applying SoC balancing control
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9.3 Hardware test material

Figure 44: Experiment devices shot
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Figure 45: Original data gathered in Dspace control desk
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Smple poing(s]  Btteryl curent{A]  Brtery2 curent{A) Motor Speed{RPM]  Bus voltage(V)

o 0.00E+00 4.86E-02 1] 0510125117

9.98E-05 9.38E-05 0.048585571 o 0510128846
0.000133573 0.000159573 0.04845034 o 0.51010141
0.000233804 0.000259804 0.048433718 ] 0.509945737
0.000353345 0.000359545 0.048437062 o 0.510073732
0.000433776 0.000459776 0.048500372 /] 051030181
0.000539513 0.0005595138 0.0485036% o 0.510241517
0.000633745 0.000659743 0.048506835 o 0.510244082
0.000733891 0.000799851 0.048510107 o 0510246622
0.000835722 0.000859722 0.048513287 o 0.510213008
0.000933863 0.000959863 0.048516436 ] 05102515937
0.001039624 0.001059624 0.0485153553 ] 0.510254323
0.001193836 0.00115%8836 0.048522638 o 0.510287562
0.001233667 0.00125%9667 0.048525693 1] 0.5102585935
0.001333805 0.001355803 0.048528717 o 0.510385833
0.00149%64 000149964 0.048531711 o 0510324704
0.001539782 0.001535782 0.048533676 o 0.510357565
0.001693612 0.001699612 0.04853761 ] 0510296714
0.001739754 0.0017559754 0.048540515 o 0.510174216
0.001853585 0.001859585 0.048543391 o 0.510021815
0.001233727 0.001959727 0.048545235 V] 0.5099554453
0.002033553 0.002059553 0.048545058 o 0.510187243
0.0021957 0.0021557 0.048551848 o 0510128085
0.00229353 0.00225553 0.048554611 o 0.510100666
0.002393361 0.002399361 0.048557346 ] 0510166896
0.002433503 0.002458503 0.048560054 0 0.510263591
0.002539334 0.002559334 0.048562735 o 0.510350443
0.002653476 0.002659476 0.048565385 1] 0.510453773
0.002733613 0.002759613 0.048568016 o 0.510360833
0.002833449 0.002859443 0.04B570617 o 051036221
0.002239273 0.002355273 0.048573192 o 0.510363563
0.003033421 0.003059421 0.048575741 ] 0.510333786
0.003199252 0.003159252 0.048578265 /] 0.510335428
0.003239394 0.003259354 0.048580764 o 0.510452624
0.003333225 0.003359225 0.048583237 V] 0510523876
0.003433367 0.003459367 0.048585686 o 0.510585873
0.003593197 0.003599157 0.048588111 o 0510708507
0.003693339 0.003699333 0.048530511 ] 0.510707392
000379317 0.00379517 0.04B552887 ] 0.510852066
0.003899312 0.003859312 0.048535233 1] 0.510856598
0.003233143 0.003359143 0.048557568 o 0.510853408
0.004033285 0.004059285 0.048533874 1] 0.510818727
0.004135116 0.004159116 0.048602156 o 0.510877776
0.004239257 0.004259257 0.048604416 o 0.510536235
0.0043330238 0.004359088 0.048606653 ] 0.510994103
0.00449523 0.00445523 0.04E6058862 o 0.511020276

Figure 46: Experiment datal collected using Dspace
recorder(Incomplete)
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4527075463
4 527175605
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4.527475408
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4.529875081
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4.530374857
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2.037212016
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Figure 47: Experiment data2 collected using Dspace
recorder(Incomplete)
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