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Abstract

This thesis will investigate the effects of an energy storage system incorporated into the
submodules of a modular multilevel converter connected to a HVDC line. A simulation has
been made to see the effects of energy storage on the transmission of power from a generator
connected to the grid via a HVDC line with two MMCs connected in each end, one of which

incorporates the energy storage system.

The simulation has been run in several different scenarios with different levels of contribution
from the energy storage and the generator, which will allow an insight into the effects of
submodule-based energy storage. The goal is verifying the benefits of energy storage in
MMCs and their effect on the output into the grid.
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1 List of notations

1.1 Abbreviations

MMC Modular Multilevel

Converter

SM Submodule

BESS Battery Energy Storage
System

SC Super Capacitor

CESS Capacitor Energy Storage
System

SOH State of Health

HESS Hybrid Energy Storage

System

SOC State Of Charge

ROD Rate Of Discharge

AC Alternating Current

DC

HVAC

HVDC

FB

HB

DoD

EP

PWM

PDPWM

APODPWM

PODPWM

Direct Current

High Voltage AC

High Voltage DC

Full Bridge

Half Bridge

Depth of Discharge
Energy Power ratio
Pulse Width Modulation
Phase disposition PWM

Alternate phase opposition
PWM

Phase opposition disposition
PWM



1.2 Symbols

iy,

Cu

Upper leg current in phase j

Lower leg current in phase j

DC current

DC voltage

Arm resistance
Arm inductance

Power lower leg phase j

Energy in capacitors of upper leg of

phase |

number of active submodules in

upper leg of phase j

number of active submodules in

lower leg of phase j
Number of submodules in a leg

Capacitor voltage of upper leg

phase j

ij AC current of phase j

icir, ~ circulating current of phase j

Ve Capacitor voltage

Vi, Lower leg voltage of phase j

Py, Power lower leg phase |

Poss Power lost

Von  Common mode voltage

Ve, Capacitor voltage of lower leg
phase |

Csm Capacitance of a submodule

K Polarization constant/polarization

resistance

Battery current.
Low frequency current dynamics
Extracted capacity in Ah.

Max battery capacity, given in Ah.



Exp(s)

I measured

Iref

I missing

Vmeasured

P Brequested

Pmodn

S0C,s¢

P, SCarm

Prequestedarm

I% batteryarm

PSCn

Exponential voltage, V.
Exponential capacity, Ah~1,
Constant voltage, V.

Exponential zone dynamics,
inV.

Measured current in
Buck/Boost converter [B/B]

Reference current in B/B

Difference between /.., and

I measured

Measured voltage in B/B

Requested power in B/B

Modifier for power output

in battery or SC
SC state of charge for SM n

Power expected of the SCs

in an MMC arm.

Total power requested by

MMC arm

Power covered by batteries

in MMC arm

Power requested of SC n

p Batteryn

P Battery nom

R
S0C,

soc,

the arm
Idref
VDCref

VDCmeasured

Power provided by battery n
Nominal battery power
Slew rate for batteries

SOC of battery a

Average SOC in batteries of

Reference d current (dg0)

Reference DC voltage

measured DC voltage
Line inductance

Measured d current VSC

Measured g current VSC

Total pu value inductance

Choke inductance VSC

Feedforward inductance

Total pu value resistance

Feedforward resistance

Choke resistance



Vi conv Conversion voltage value Ng number of series capacitors

for reference voltage q

Qr electric charge
V4 conv Conversion voltage value 4 olecular radius
for reference voltage d
_ N, number of parallel
V; Voltage phase |
capacitors
Vs 0-vector voltage
N, number of layers of
IL,, Coil current B/B on electrodes
L, Coil current B/B off £ permittivity of SC material
v, Output voltage & permittivity of free space
v, Input voltage A; interfacial area between
electrodes and electrolytes
D Duty cycle
R ideal gas constant
T Commutation period
T operating temperature (K)
Iy Output current
F faraday constant
w Energy SC
c molar concentration SC
C Capacitance (SC)
Rge total SC resistance
R; Internal voltage
iSC
Vena End of cycle voltage SC
Qr = [igcdt
Vinit initial cycle voltage SC
Qr = Jigs dt
Prax Maximum power

oo = Cr%
Vsc SC voltage ais 1 + sRe:Cr



2 Introduction

Why is this needed, what am I doing... limit the thesis to a clear area of research.
In short: grab attention and explain what this is about.

With the current issues and debate around global warming and the causes human society is
responsible for, it is tempting to turn to energy sources which do not contribute to greenhouse
gas emissions during operation. Wind power is a well-established alternative to fossil fuels
and one alternative that is very effective if placed out on the ocean, where the wind is not
hindered by cliffs, valleys or other obstacles which reduce windspeed, and therefore energy
potential.

One prevalent issue with the increase of renewable energy sources today is that several of
them are not controllable to a high enough degree, they cannot contribute to grid stability and
inertia, they can in fact be a liability. In the case of wind power, the blades are usually not
synced to the grid frequency and can’t contribute energy to the grid in deficit situations in the
same way an AC generator can, by acting as a flywheel. The exception to this is the direct
online wind turbines, but they are limited in capacity by a rapid increase in generator weight
and size as the power increases and are also built with rare and expensive earth-magnet

materials.[1]

By adding an energy storage element into the converter, it is possible to use these energy-
sources to contribute more energy when the grid is in a deficit situation or charge its batteries
instead of loading energy onto a grid in a surplus situation. Thus, the windfarm can participate
in increasing grid inertia and alleviate one of the common critiques against renewable energy-

sources like wind.

2.1 Windfarm — HvVDC — MMC - Grid

This thesis will focus on the MMC [Modular Multilevel Converter], but it is important to
know why energy storage is needed and how the energy is transported to the MMC and
onwards to the grid.
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In this case the power generator is a generic off-shore windfarm which produces AC power
which then needs to be transported by subsea cables to the mainland. To make this transfer
more efficient it is feasible to convert the AC power to HVDC for transportation to reduce
losses and then convert it back to HVAC on-shore. The cost-efficiency of this conversion
depends on losses over distance vs the increased cost of a HVDC rectifier/inverter as opposed
to the cost of transforming the voltage to HVAC with increased losses per distance.

2.2 Motivation and objective

The point of integrating energy storage in wind power transmission is to make an increased
portion of generated power make eco-friendly. If eco-friendly power is more available, more
profitable and contributes to grid stability. It can aid in supplementing or replacing

undesirable sources of energy.

The modularity of the MMC increases reliability, adaptability and ease of repair, so making
this converter able to contribute to grid stability as well will further increase its utility, which

can make the MMC and ESS [Energy Storage System].
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3 Modular multilevel converter

The modular multilevel converter is an up and coming form of solid-state AC/DC converter.
MMC:s are scalable and easily repaired due to their modularity, mechanically simple to

construct and they are reliable.

MMCs were first introduced in 2003 [2] and are currently enjoying increased attention, likely
due to HVDC becoming more popular and mature. MMCs enjoy many advantages over
several other AC/DC converters, such as lower switching frequency, lower losses and they
only need small L-filters on the AC side. One particularly interesting possibility is being able
to incorporate energy storage into MMCs so that renewable energy sources like wind and
solar power can contribute to grid inertia instead of being a liability, due to the way the
energy production they contribute to the grid is dependent on uncontrollable factors such as

windspeed, sunlight, clouds etc.

MMCs are made of one leg per phase, with each leg consisting of 2 arms with N identical
submodules [SM] each. Each submodule can output the capacitor voltage (FB SMs can output
both positive and negative voltage) or 0V, but each arm is either positively charged or
negatively charged. This allows an inverter MMC to turn on submodules in an arm to build
the output voltage stepwise, which then creates a sinewave that can be output to an AC grid
through a small inductor-filter. It is important to keep capacitor voltages balanced, and a
control scheme must be implemented to create the sinewave as well as ensure that the
capacitors, and the energy storage elements if they are implemented, are evenly charged and

that the submodules are turned on to build the AC voltages as smoothly as possibly.
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3.1 Submodule topologies

= oclt)

A: half-bridge submodule B: full-bridge submodule
Figure 3.1. The most common submodule topologies [3]

There are several ways to design the submodules of an MMC. The varying SM topologies
have different levels of complexity, losses, switches and need to be handled differently
regarding voltage balancing [4].

The most commonly used one is the Half Bridge [HB] SMs which has lower losses because
of fewer semiconductors, and the voltage balancing is relatively simple. The voltage levels
each SM can output are either OV or V.. An MMC will have a circulating current which will
increase losses and reduce capacity if it is not limited through SM topologies, voltage
balancing or an inductor. HB SMs do not suppress the circulating current, so an inductor is

needed. The inductor has the added benefit of reducing an eventual DC fault current as well.

Full bridge [FB] SMs are more complex. They have more switches, which lead to higher
losses, but they can output three voltage levels: — V., OV or V., which also makes an MMC
with FB SMs capable of working as an AC/AC converter [5]. The FB submodules have the
added advantage of being able to block DC fault currents and limit the circulating current that
flows between SMs.

For the simulation the HB SM is used. Since the thesis focuses on integrating energy storage
into the SMs the HB cover the simulations needs, and it is more commonly used, so it is

presumably more relevant.
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The HB SM topology has some advantages and disadvantages over the FB SM topology:

Advantages:

- The fewest number of components.

Disadvantages:
- No capability of suppressing fault currents.

For the FB SM:

Advantages:

SM output voltage can be of either polarity.

- Can hinder DC side current faults without triggering the AC side breakers.

Disadvantages:
- More expensive.

- Higher losses due to more switches.

3.2 Design

3.2.1 Number of Submodules

The number N of SMs in the simulation is 4 per arm, whereas more SMs would mean more
computing, which the simulation is already quite intense on. The controls would not change
much if the simulation were to be expanded with more SMs, just expanding voltage balancing
and SM activation in the modulators to include the additional SMs as well as expanding the

controls for the hybrid energy storage system [HESS] included in the SMs.

Physical MMC stations have a much higher number of SMs in each arm than the simulation,
where the number of SMs can be in the hundreds. The reason for this is mainly standardising
submodules, but a higher number of SMs also gives more accurate control of the output AC

voltage.[6]
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3.2.2 Submodule capacitance

SM capacitor capacitance are chosen to limit the voltage ripple in the SM. The capacitors
need to contain enough energy to discharge onto the grid without a significant voltage drop.
This means the capacitance must be rated to contain enough energy that the difference in

voltage during a charge/discharge cycle is beneath a set percentage.
The equations for voltage ripples are included in the mathematical model for the MMC.

We want a ripple under 5%, the SM capacitances are 2mC and simulations show a ripple of
+/- 50V in a 2500V capacitor, which falls well within our parameter of a 5% ripple in either

direction.

3.3 MMC advantages and disadvantages

3.3.1 Advantages

MMCs have several advantages over similar converters. The most notable advantages are

based on the modularity and increased adaptability and reliability that comes with it.
The notable advantages of MMCs include:[6, 7]

- increased reliability.

- no need for a large AC side filter.

- scalability in both power and voltage levels due to its modularity.

- lower losses compared to similarly sized converters, mainly due to lower switching
frequency.

- Most components in the MMC are smaller as they are divided between the SMs. This

makes them cheaper and more readily available.
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3.3.2 Disadvantages

MMCs have several problems that need to be kept in mind when designing them. The
circulating current and the voltage ripple needs to be suppressed and this must be done

without raising the costs and losses of the MMC beyond reasonable levels.
More overall disadvantages include:

- anincreased number of semiconductors.
- more advanced control.
- Less compact. The converter needs more space than certain other multilevel

converters.

The Circulating current is created by an imbalance between the capacitor voltages of the

upper and lower arms, which creates the current and increases losses, but does not affect the
DC and AC current. In a HB MMC this circulating current needs to be limited by inductors
on each arm, in addition to balancing capacitor voltage between SMs to prevent any current

from circulating in the first place.

The voltage ripples are the difference in voltage in the SM capacitors before and after the
submodule is turned on. The capacitors charge and discharge themselves and will have
different voltage levels. This affects the output voltage amplitude as well as the circulating

current.

3.4 Mathematical model

To get an understanding of how an MMC works it is helpful to have a mathematical model to
see how the MMC operates during the steady state and dynamic conditions.
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3.4.1 Inverter

i.l‘ .

= SM, | SM, | SM | "
2 ] " Y ... 4
SM Csu |= .
s

Submodule (HB)

SMv SMy SMy

4 / R
| I
fa
. L R Ca
s
. L R l
I
I R ~
R ! R Load
i | ;
” SMi  SMi  SM

SMv SMv SMy

Figure 3-2. Schematic diagram for MMC

As shown in figure 3-2 the DC voltage is split in two between upper and lower sets of legs.

The upper and lower leg phase current by and iy, of phase j is the defined by the DC current

Lqc, the phase AC current i; and the circulating current icir]. in formula () and ()
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. 1, 1, .
buj = 3ldc + ZY + Leir; (3.1)

.1, 1., .
b = 3lac =74 T Leir; (3.2)

Solving these for Leir; gives the circulating current.
. 1/. . 1.
Leir; = E(luj + ll]-) — 3ldc (3.3)

The difference between the DC voltage V,. and the upper and lower arm phase voltages Vujand
vy, are found by summing the losses in the arm resistor R, and arm inductance L, with the

common mode voltage V;,,, and the phase voltage V;.

1 _ diy
Vac = Vu; = Roly; + Lo d—t’ + Vi + Vo (3.4)
1 , dilj

EVdc_Vlj :Rollj'i'l'o?'i'vj_vcm (3.5)

Incorporating the formulas for upper and lower phase current and voltage into each other to
find the fundamental phase voltage and common mode voltage gives:

1 Ry . dij

V}""‘/'cm:E(Vlj_Vuj_?L'-l'Lo dt) (3.6)
Using the circulating current
dicirj 1 Ry .
Lo o E(Vdc - Vlj + Vu]) — 3 ldc (3.7)

Considering that leg voltages are determined by how many SMs are active at the time we can

define the leg voltages as:

Vuj = nuch_uj (38)

V
j Lj¥e

_Lj

Where Ny, and ny; are the number of active SMs in the upper and lower arm respectively and
Ve u; and Ve are the capacitor voltages of the individual SMs in the upper and lower arms of

phase j. Inserting the newly defined arm voltages into () and () we get:
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RO . dll]
- nl'VC_lj - 711 + L —) (310)

1
V}""chzz(nujvc 0 4t

uj j

dicir]-

. 1
L, dt + Rolcirj = EVdc - nujV

Ry .

Cuj - nl]I/Cl]) - ? ldC (311)

The power from the DC line is equal to the AC output and the losses in the MMC:
Vaclac = Pross + Vala + Vplp + Vi (3.12)

This gives the equations for phase power based on active SMs:

Puy = M Ve b, (3.13)

P, =ny.
l] l]

Ve, i (3.14)

An alternative would be to take the derivative of the capacitor energy to get the power

from the capacitors in the arm in question.

W, =N % Csm¥, 2 (3.15)
awy,  d(N3CsmV, ?) ave,, .
P, =—1= /- = NCsmV, — (3.16)
] dt dt uj dt

And for the lower arms:

ave,.
P, = NCsmV;, 7’ (3.17)

With this we can express the ripples in the capacitors as:

aVey, 1 1 1
J_ 1. 1. .
dat NCsm (3 tac + 2l + Lc””j)nuj (3.18)
Which in turn can be expressed as:
AVey 1 1 1
J 1. 1. .
ac = wesm Glde T3 b T lar)my, (3.19)

Through our previously established equations.
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The equations for current, common mode voltage, DC side to AC side voltage and current and

the derivative of capacitor voltages form the complete dynamical model for the MMC

inverter.[4]

3.4.2 Redctifier

For the rectifier the mathematical model equations are restructured to express the DC power,

voltage and current.

The current equations for upper and lower phase currents are restructured with respect to the

DC current. The circulating current would ideally be zero.
ige = 3 % (b, + iy, + icir,)
The DC voltage is expressed as:

dlcir]- Ro .

w T3 de)"’Vlj_Vuj

Vie = 2 X (LO

And the DC power is expressed as the sum of the phase powers and P, ;.

Pac = Pross + Vala + Vpip + Veic = X Py + X Py + Pioss
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4 Energy Storage Systems

1000 1
. Fuel cells {
o |
e 100 ===~  Conventional <A } I
5 Laktsie 1 hour . 1second
2 10 |
K7 |
S, |0hous |
=2
> |
&) ‘
S o1 | 0.03 second
c ;
- |

0.01 ‘

10 100 1000 10000
Power density (W/kg)

Figure 4.1. A chart showing the difference in power and energy density between different

storage devices.[8]

Energy storage systems are, like the name describes, systems where energy is stored. This is
done electrochemically through batteries, electrostatically through capacitors, hydropower
with damns and/or pumps, tidal powerplants, spinning masses in generators, pressurized air,

heated salt or heated oil to name a few.

In this thesis the focus will be on lithium-ion batteries and supercapacitors integrated into the
SMs of an MMC.

The collective size of the batteries and supercapacitors [SC] should be collectively
approximately 5% of the total capacity of the wind farm to make the converter able to
contribute inertia to the grid like a similarly sized synchronous generator as suggested by this
article [9].
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4.1 Battery Energy Storage System

A pure battery energy storage system [BESS] would have high energy-density, but low
power-density, and the State of Health [SOH] of the batteries would deteriorate significantly
faster if they had to output high currents than if they could keep within their nominal ratings.
The same can be said for charging/discharging the batteries completely as well, since the final
top percentages of a battery take much longer to charge, while the final bottom percentages of
a battery cause more stress due to a higher current. Put simply, the final top and bottom
percentages cause a higher amount of stress on the battery (even within the safe limits to
avoid deep discharges). One way to limit the degradation of batteries is to only use the battery
at a low depth of discharge (DoD). This means that the battery is only charged and discharged
between set levels of charge, for an example 20% and 80% (DoD of 60%), to avoid the
increased stress of full charge and discharge cycles, this can prolong battery life by an order

of magnitude. [10]

The reason using Li-lon batteries reduces their SOH is because as the battery is used, the
carbon in the anode reacts with the electrolyte which creates a solid layer called Solid
Electrolyte Interface (SEI) which consumes some of the lithium. This layer cracks open when
the battery is used, which frees up more carbon to convert more lithium. On the cathode there
is a build-up of a layer of oxidation from the electrolyte. Both these effects change the voltage
of anode and cathode and these layers start building up faster as the battery ages, especially

with high cell-voltages.

Deep discharges and overcharges cause the cathode and anode respectively to create dendrites
of copper and lithium, which eventually cause short circuits. These two states are highly
unwanted, and modern batteries usually are made so that they are disconnected before this can
happen. [11] [12] [13]
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4.1.1 Li-lon battery model

Figure 4.2 image of the battery used in the simulation.

The battery is set in the lithium-ion setting, taking on the characteristics of a lithium ion

energy for the simulation.

The batteries have a discharge model and a charge model, both of which will be described

here.
t
J [
First order 0
Iow-%ass filter
i(|t} 0 (Discharge) Internal
it + S*i*\‘; ¢ Resistance
1 (Charge) S
Exp(s) A Ibatt
v | Sel(s)  1A(B-i(t))-s+1 >
|
Ex
v # ‘D Viatt
Echaree = f2(it.i* Exp, BattTipe) Controlled
- R —Ebau—p-c_D voltage
Edischarge = J1Gt.1* . Exp. BattTipe) source

Figure 4.3 equivalent circuit modelled by the battery block.

The charge or discharge models are used based on the direction of the current.

The discharge model (i<0) is described by:
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Typical Discharge Characteristics

' Discharge curve
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Figure 4.4. Battery discharge characteristics.

Here is a graphical representation of the discharge characteristics. Note the stable output
voltage after the exponential area and the sudden drop once nominal capacity has been

reached.

The charge model (i>0) is described by:

Q

fa(it,i % 1) = Eg — K X it+0.1xQ

X [ * —K% X it + A X exp(—B X it) 4.2)

Where:

- Kisa polarization constant or polarization resistance in VV/Ah or Ohms.
- lis battery current.

- I*is low frequency current dynamics, given in A.

- Itis extracted capacity in Ah.

- Q is max battery capacity, given in Ah.

- Alis exponential voltage, V.

- B is exponential capacity, Ah™1.

- E,is the constant voltage, V.

- Exp(s) is exponential zone dynamics, in V.

Page 15 of 74



Typical Charge Characteristics
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Figure 4.5. charge characteristics of a lithium ion battery compared to a lead-acid
battery.

As shown in figure 4.5 the charging voltage is even apart from the final ~20% to full or
empty capacity. Also, of note is the lower relative voltage compared to a lead-acid battery.
[14]

4.2 Supercapacitor Energy Storage System
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Negative electrode
Electrolyte
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Figure 4.6 graphic representation of a supercapacitor
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As previously mentioned a capacitor stores energy in a static charge between two conductive
plates isolated by a dielectric. A pure SC energy storage system would have a high power-
density, but a low energy-density. This means that the SC would be able to contribute to the
grid in terms of short-term inertia, but eventually the capacitors would run out of surplus
energy and the MMC would need to run according to power-production like a normal MMC
until the SCs can be recharged by surplus production compared to demand.

An MMC has capacitors in the SMs already, but these are used as voltage sources, not as an
energy storage system of any significance. Normal capacitors are unsuited for energy storage
due to their low energy density. With SCs the energy density is higher than capacitors, but the
low energy-density and resulting high price per Ah compared to a BESS makes a pure SCESS

less viable for supplying any significant amounts of energy to the grid.

One of the more important benefits of SCs over batteries is that since they do not have any
electrochemical reactions going on, they retain their functionality and capacity despite both
DoDs as high as 80% or as low as 5% with very little difference in performance between the
two scenarios. SCs are less susceptible to wear and tear from charging and discharging [15]
than batteries, and they have a wide range of effective temperatures that go below

temperatures where batteries cannot be used without external warmup.

An issue with using SCs for long term storage of energy is the fact that they self-discharge
significantly faster than a battery does. A SC can lose up to 50% of its charge during the
course of a month in contrast to a Li-lon battery with a loss of 5% [16]. This potentially be
circumvented by not storing the energy for long periods of time, or by using SCs in a hybrid
energy storage system where the SCs and batteries can be used to reduce the amount of

energy lost this way while still having the rapid response of an SC.

4.2.1 Supercapacitor Model

gl —

Figure 4.7 Supercapacitor block
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The supercapacitor block is described by the following equivalent circuit and equations:

it - ise{.f'_di.:
——Qr—— | re—i——{i=i_-(1—u(t))+i 5 -u(t) [*
5€ self _dis
N wuft{ 0= |
Internal
Resistance
—ANAN—52+
i
NOd 2NN.RT . | Conirolled
— V= r + € 5" argnh - Or —V)—P-@ voltage  Vsc
N_N &g, 4, F NN, 4, JERTEE{:,C ) source
|
e — T,
Figure 4.8 equivalent circuit for the supercapacitor block.
__ NsQrd 2NeNGgRT . , _q Qr _ ,
Vsc = NpNeggoA; F sinh (NpNgAi 8RT€£00> Rsc X isc (4.3)
Where
Qr = fiscdt (4.4)
It is a possibility to include a self-discharge representation
.sel
Qr = fis/ dt (4.5)
Where i5°7 is represented by:
.self __ Cra, (4 6)

dis 1+SRscCT

Where a, is a constant determined by the time that has passed and represents the rate at

which the supercapacitors voltage changes.[17]

4.2.2 Power and energy in a supercapacitor

The Energy in a SC is determined by its capacitance and its voltage.
W=05%xCxV? 4.7
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And the delivered energy is decided by the change in voltage.
W =0.5%XC X Vinit” = Vena®) (4.8)
The maximum power is limited by internal resistance R;.[18]

1. V2
Pmax = Z X R_L (49)

Which is set at 8.9mQ in the simulation. [19]

4.3 DC/DC Buck/Boost converter mathematical model

The battery and SC need DC/DC converters to be able to charge or discharge themselves at
the capacitor voltage. The buck/boost converters are the connections between the battery, SC

and the SM capacitor.

The output voltage is dependent on the input voltage and the duty cycle D as shown in the
following equation:

_ —DXV;
°~ 1-p

(4.9)

Assuming the converter is in continuous mode. V, is the SM capacitor voltage and V;is the
supercapacitor voltage. [20]

The output current is decided by an inductor. The current at the beginning, I, , and end,
Igp of a cycle will be the same in continuous mode. The output current in onmode is

described as:

VDT

Ly, ==~ (4.11)
While in offmode it is:
_ Vo(1-D)T
Ly = =7 (4.12)
The discontinuous output voltage is described below:
—D2xV?
Vo = 2LIo (4.13)
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Where L is the coil inductance and I, is the output current: The output current is described as:

_y2
I, = 42T (4.14)

2LV,

4.4 Hybrid Energy Storage system

A Hybrid energy storage system is made with both batteries and supercapacitors [SC] to
utilize both their respective strengths and to counter their weaknesses. The high power-
density of SCs makes up for the low power density of batteries, while the batteries makes up
for the low energy density of SCs. Because they make up for each other’s weaknesses the

combination of SCs and batteries is not uncommon.

While batteries work by using electrochemical reactions to store and release energy,
capacitors store energy as a static charge between conductive plates. The difference between
the static charge and electrochemical reactions is how much time is needed to release the
energy versus how much energy can be stored in a static charge as well as the reduced wear

and tear from the lack of electrochemical processes.

The difference in energy density between batteries and SCs is 10:1 in a best-case scenario
according to [16] with SCs having 4-10 Wh/kg to lithium ion batteries 100-265 Wh/kg. This
means that any HESS incorporating both these types of energy storage should divide their
intended storage capacity thereafter to avoid spending more money and room than necessary

for the intended capacity while keeping the SC benefits relevant.

Considering the system of this thesis transmits 1.12 MVA, the batteries and SCs need to cover
55 KVA of power across 24 batteries and 24 SCs where the batteries will cover a greater part
of the energy storage due to their higher energy density, but the power capabilities on the
other hand will be determined to let the SCs cover a majority of the power for a short amount
of time. The energy capacity of an SC is at best 10% of the capacity of a similarly sized Li-
ion battery, thus the share of energy between them should be scaled accordingly to reduce

cost per AH while keeping cost down per Ah and the SCs advantages relevant.[16]
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4.4.1 HESS design

The HESS should be able to supply the inverter MMC with 55kw at any moment, but also be
able to supply this amount of power over a reasonable amount of time. This means that the
SCs and batteries need to have a capacity of several times 50000j as a system. This change
will be in capacity for the batteries and both capacitance and rated voltage for the SCs.

The SCs and batteries chosen ratings are noted on this table:

Table 4.1. HESS ratings.

Battery Supercapacitor
Rated voltage (V) 200 82
Capacity (Ah) 13 -
Capacitance (F) 0 6.82
Nominal power (W) 1130 2300
Power over 24 SM (KW) 27.12 55.2
Energy 9.36MJ 22.91667KJ
Energy over 24 SM 224.464MJ 550KJ

This table gives a suggestion for a HESS where the SCs can supply full power of 55KW for
10 seconds and the batteries can supply a decent amount of the 5% goal of power for an hour

at approximately nominal values.

The nominal discharge current of the batteries is 0.8695A.
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5 Control Strategies.

In this thesis there are several devices which need a control strategy; The battery output and
SOC, the SC output and SOC and the MMCs all need different controls.

The goal of any of these control strategies is to make the converter and energy storage
facilities effective and reduce wear and tear as well as any risks for faults and uneven outputs.

The batteries and SCs can only be controlled through their current with regards to the output
from the submodule, the voltage is determined by the SM capacitor. The buck/boost and
boost converters in the submodules are controlled by a power input, which then increases the
current drawn from the storage device into the converter. The converters then output the

power at capacitor voltage to contribute power to the MMC arm.

5.1 MMC control

5.1.1 PWM

Pulse Width Modulation (PWM) is a common way of controlling MMCs. The PWM controls
of the simulation are already in place. The PWM control is located in the modulators and
compares the voltage reference signal to the 4 PWM signals before sending the control signal
through the sorting algorithm which decides which SMs have the highest/lowest charge
depending on the direction of the arm current.

PWM has several variants shortly described below, common for all is that the converter
switches between a discrete number of levels of the DC voltage depending on which PWM
carriers the sine wave is higher and lower than. When the reference voltage is at either the
highest or the lowest level of the sinewave above/beneath all carrier signals the output voltage
is set at VVdc/2 and OV, with the remaining steps indicating that the sinewave is below some
carrier waves, while above others, which determines the number of active SMs and the output

voltage for the arm.[21]
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5.1.1.1 Phase disposition PWM (PDPWM)

All the carriers in this method are in the same phase, regardless of being above or below zero
reference line. PDPWM is a widely used strategy for MMCs and conventional multilevel

inverters because it provides load voltage and current with lower harmonic distortion. [21]

T,
A A A f\ f |
i

—

Figure 5.1 Carrier arrangement example for PDPWM

This is the method used in the simulation.

5.1.1.2 Phase opposition disposition PWM (PODPWM)

The carriers in PODPWM have the same frequency and an adjustable amplitude. All the

carriers above the zero-value reference are in phase, but phase shifted 180 degrees to those

below the zero-value reference.[21]

T

Amplibgda (V)

Figure 5.2 Carrier arrangement example for PODPWM
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5.1.1.3 Alternate phase opposition PWM (APODPWM)

Here the carriers have the same frequency and their amplitudes are adjustable. All carriers are

phase shifted 180 degrees between each other.[21]

ATV ”\/\/\/\/\/\/\/\/\/\J\/\f\
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Figure 5.3 Carrier arrangement example for APODPWM

5.1.1.4 Phase shift PWM (PSPWM)

Phase shift multicarrier PWM is a multicarrier PWM strategy and is close to PDPWM. IT
uses four carrier signals with the same amplitude and frequency but shifted 90 degrees to one

i

A

Figure 5.4 Carrier arrangement example for PSPWM
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5.2 P-Q control (instantaneous power theory)

Used in the inverter. P-Q control was proposed in 1984. The control strategy focuses on
having the same active and reactive power before and after the converter. P-Q relies on the
park transformation to calculate the active and reactive power. [22] The instantaneous powers
P and Q are compensated for by the controller so that output power equals input power and

converter losses: [23]

5.2.1 P-Q control mathematical model

The grid side control has the following mathematical model:

The dq0 transform vyields the following equations:

V; = % X (V, X sin(wt) + V}, X sin (a)t - 2?”) + V. X sin(wt + 2?n)) (5.1)
V, = é X (V, X cos(wt) + V,, X cos (a)t - 2?”) + V. X cos(wt + 2?ﬂ)) (5.2)

Vo = Zeite (5.3)
Ig =2 (Iy x sin(wt) + I x sin (wt —Z) + I, x sin(wt +2) (5.4)
I, = % X (I, X cos(wt) + I, X cos (wt - 2?71) + I. X cos(wt + 2?n)) (5.5)

V4 and Vare sent onwards to P-Q calculation where they are used in the following equations

to find a reference value for I; and I,.

2 VgXPres—VaXQref
Iqref =3 X qu+V0% (56)
2 VaXPref+VgXQref
=-X .
Idref 3 qu+de (5 7)
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The reference currents (5.6) and (5.7) are subtracted the measured currents from (5.5) and
(5.4), respectively, and the difference is sent through P1 controllers. The PI control output is

sent as a voltage reference signal for reverse dq0 transformation and sent to the modulators.

The final voltage reference signal reverse dq0 transform is shown below:

Vo = Vg X sin(wt) + V; X cos(wt) + Vj (5.8)

V, = V4 X sin (wt — 2?”) + V; X cos (a)t — %n) + 7, (5.9)
21 21

V. = V; X cos(wt + ?) + V; X cos(wt + ?) + Vy (5.10)

5.3 VSC control

Used in the rectifier.

Voltage Source Converters work as both inverters and rectifiers and are therefore well suited
to back-to-back converter set-ups. The VSC control is capable of independent control of both

active and reactive power, which makes it versatile and

VSC controller send a voltage reference signal to the modulators which sort the SMs and turn

on the number of SMs indicated by the voltage reference signal compared to the PWM signal.

5.3.1 VSC control model

The VSC control is divided into several parts: Measurements. the VVdc regulator, the current
regulator followed by a reverse dq0 transform. The measurements is mainly the dq0 transform

of the pu voltage and current.
5.3.1.1 Vdc regulator:
The DC voltage regulator simply compares the DC voltage with the desired reference voltage.

The difference is then divided by the line inductance and sent to a current Pl controller. The

output signal is sent to the current controller as the reference current I, ¢

_ Vbcmeasured _VDCref
Lires = : (5.11)
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The measured I;and I, is subtracted from the reference I;..r and Iy, Where Ig,.. ¢ is set as

zero in the model, and putting it through another PI controller. This gives us the derivative
da

dl
4 and -2

currents !
dt dt’

The result from the PI controller is summed with the feedforward voltage signal, which

requires the use of line impedances found below to find the dq feedforward values:

Ltot,, = Lxfo + Lcnoke (5.12)
Ritot,, = Rxfo + Renoke (5.13)
Vacons = Vames + la X Reotyy, = Ig X L+ 52X Leoe,, (5.14)
Vocons = Va.mes + Ia X Leoty, + Ig X Reotyy + 92 X Liot,,  (5.15)

Va_conv T Vg conv are sent onwards to a reverse dq0 converter to create the phase voltage

reference value.

The feed forward is used to decouple the active and reactive power, so they can be changed

independently and simultaneously.

5.4 Balancing SOC in the HESS

5.4.1 Batteries

The balancing strategy that was decided upon was discharging the batteries according to their
SOC. The SOC of a battery in the positive/negative part of the arm will be divided by the
average SOC in the positive or negative SMs of the arm. This is then used to increase or
decrease the input signal to the converter for the battery, which will adjust the output for that

battery according to its relative SOC.
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The SOC modifier for each SM in an arm is determined by:

_ 50C;+50C,+S0C3+S0C,

Prodn = x SOC, (5.16)

N

Where SOC,, is the average SOC in the arm amongst the batteries.

The SOC modifier is then multiplied with the power which the SM is expected to supply,
which is inserted as a control signal in the battery converter.

_ Prequested
PBatteryn = Podn X Kk (5-17)

However, the batteries have a maximum output associated with each battery and we want to
hinder any sudden changes in output. This is implemented with saturation and slew rate
limiters in the controls and serves to keep the batteries within nominal operating conditions to

extend the lifespan of the batteries.
PBattery n < PBattery nom (5-18)

dPBatteryn S R (5.19)
dt

Where R is a chosen slew rate.

5.4.2 SC control

The SCs are controlled by the same method as the batteries. The SOC of the SC is compared
to the average SOC of the positive or negative arm and the output modifier is multiplied by
the power expected of the SM. The power expected of the SM is found by subtracting the
battery output of the arm from the energy expected by the arm. This makes the arm HESS
output respond to any sudden changes by discharging from the SCs since the batteries have a

slew rate limiter in the controls which reduces any sudden changes in power output.

The SC output is determined by:

SO0C15c+S0Co5+S0C35-+SOC.
Pmod n — 1sc ZSCN 3sc 4SC X SOCn (520)
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PSCarm = Irequestedarm — Pbatteryarm (5-21)

Pscarm
Pscn = SCN X Pmodn (5-22)

Where Ps. ,,is limited to a value slightly above Ps: nominai-

5.4.3 Buck/boost DC/DC converter

The SCs and batteries rely on Buck/boost converters to be able to supply the MMC with
energy as well as getting recharged. The converter is controlled by giving it a power reference
which is eventually used to create the gating-signal.

The buck/boost converter has slightly different controls depending on if the power reference

is positive or negative, but the initial part is the same for both.

The requested power is divided by the voltage to get the needed current. The needed current is
then compared to the measured current and the result is sent to a PID regulator, which then
sends the result to compare to a PWM signal which goes from 1 to -1. When the control
reference signal is not greater than the PWM signal the MOSFET is sent a on signal,
effectively creating a D value depending on the difference between needed and measured
current. A converter which outputs exactly as much power as is requested would have a D-
value of 0.5 as the PWM would sink below 0 50% of the time.

Negative power (charging):

When the converter is charging the battery or SC the active MOSFET is placed in series with
the output terminals. In the current comparison the measured current is the positive, while the
requested current is subtracted to get the required derivative current to even out input power

and the available power for charging (as stated by the power reference).
Positive power (discharging):

When the converter is discharging into the SM the active MOSFET is placed in parallel with
the output terminals. In the current comparison the requested current is the positive, while the
measured current is subtracted to get the required derivative current to even out output power

and requested power from the control.
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PBrequested _
v - Irequested (5-23)
measured

For discharge mode:

dl
Iref — Lneasured = Imissing ~ 4 (5.24)

For charge mode:

dl
Imeasured — Iref = Imissing ~ 4 (5.25)

Lnissing1S put into a PID controller and compared to the PWM signal to get a duty cycle.
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6 Simulation and results

The simulation is a modified MMC with an integrated HESS in the submodules which works
as an inverter and an MMC controlled by a VSC that works as a rectifier. The original control
system for the inverter was also a VVSC controller, but eventually it was replaced by a P-Q
controller in the inverter MMC, mostly for ease, but with the added advantage of testing how
it works with the HESS.

The simulation starts with a three-phase voltage source representing the wind farm, which
feeds into a rectifier MMC which is controlled by a VSC controller. This rectifier feeds into
the modified MMC which transforms the DC voltage into AC voltage and contains the energy
storage elements. The MMC feeds into a filter, then it goes to the grid, represented by another

three-phase voltage source representing the grid.

MMC
MMC HVDC HVAC

- Inverter
Rectifier with HESS

Generator

Figure 6.1. simplified overview of simulation

6.1 Results

Simulation results are shown and discussed in this chapter. The difference between power
generation, output, HESS participation and their effect on how quickly the system reaches
steady state, if ever, will be compared and a conclusion will be drawn for chapter 7.

6.1.1 MMC output with 0 KW output from batteries, no deficiency
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Running the simulation without any modifications like HESS contributions, surplus power or
deficit in power yields an output AC phase voltage and current shown in figure 6.1. with a

close-up of the phase voltage and current in steady state is shown in figure 6.2
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Figure 6.2 phase A AC current and voltage close-up after 1s.

As we can see the AC current is still settling after 1.2 seconds. The voltage is even as
expected considering it is connected to the grid. We can also see the current and voltage are in

phase after 0.5 seconds, so power is being delivered to the grid.

Page 32 of 74



— _,w“n,wwmwm»wwkw.,wmm PV
o’

0
atals "
N“*.y-""""‘ ML o it 7, e

s

figure 6.3 active and reactive power from the inverter.

Figure 6.3 shows the power delivered by the system to the grid. The desired output power is
determined by the P-Q control and the end power output is correct, though slow. We also see

the delivery of active power to the grid after 0.5s. While the system is

The DC current and voltage is shown in figure 6.3.

R

Figure 6.4 DC voltage and current.

As shown the voltage settles within 0.2s, while the current takes about 1.2 to 1.4 seconds to
settle. This results in the overshoot for both P and Q in figure 6.3.
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Figure 6.5. Capacitor voltages

The capacitor voltages however settle quickly at ~2500V and stay stable with a ripple of
about +/-50V, which is acceptable. The quick settling of the capacitor voltages contributes

directly to the HVDC voltage settling so quickly.

As seen from the images of the system test without ESS contributions the system is slow to
settle, but stable. The important subject is how the system responds to injected power from

the ESS. The results found here will be the basis the other tests will be compared to.

6.1.2 inverter output with 48KW output from batteries

Running the simulation with a 48kw output from the HESS. The Instantaneous power control
should include this input in its calculation of the voltage reference signal and take less from
the DC line. The figure 6.6 shows phase voltage and current on the AC line, with a close-up

on the steady state is shown in figure 6.7
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Figure 6.7 phase AC current and voltage close-up of last 1s.

The phase current changes like in the previous simulation. The current amplitude is

predictably higher than before, and it settles a bit slower than without the surplus.
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figure 6.8 Active and reactive power from the inverter

The power output, both active and reactive, directly from the inverter is shown in figure 6.8.
The curves are less stable and take longer to settle, this can be attributed to the surplus power

delivered to the converter. The overshoot is also greater.
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Figure 6.9 DC voltage and current

The DC current and voltage is shown in figure 6.9. The voltage uses noticeably more time to
settle than the previous simulation and has a greater overshoot in current amplitude. The

current settles in roughly the same time.
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Figure 6.10 Capacitor voltages

With exception to the first 0.4 seconds the capacitor voltages are as stable as in figure 6.5. the

initial instability is possibly due to the overactivity of the batteries in the first 0.3 seconds.

As for the HESS we can see the SOC, voltage and the current of a submodule’s battery and
SC in figure 6.11 and 6.12.

Figure 6.11. Battery SOC, voltage and current.
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As shown in figure 6.11 the current is even, though it increases as the power demand for the
battery increases. The current is somewhat higher than nominal, and the latter values are

markedly higher than nominal.

Figure 6.12 supercapacitor current, voltage and SOC.

We see the current rise as the voltage drops steadily along the SOC, this is as expected.
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Figure 6.14 close-up of SC current, voltage and SOC.

Considering no imbalances were implemented into the HESS one submodule can represent
them all. In a non-ideal case we would have to compare the difference between submodules to

see the effects of different SOCs on output currents.

6.1.3 Inverter output with HESS contributing after the system has settled

In this simulation the HESS starts contributing after 0.5 seconds to see if the system handles
the implementation of the HESS better once it has reached a stable state and the HESS does

not contribute to increase transients.

This is essentially a test of how the ESS works in an already working state for the system,

which is ultimately the state in which the ESS would be used.
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Figure 6.15 active and reactive power from the inverter.
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Figure 6.17. Capacitor voltages
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Figure 6.18. SC SOC, voltage and current.

Figure 6.19. Battery current, voltage and SOC.

We see clearly that the delay worked. The battery and SC are mostly turned off during the

delay, while quickly ramping up the contribution when the delay is over.

6.1.4 Surplus power to inverter, charging HESS.

Here the energy storage system will be charged. The generator will produce a surplus, while

the power requested from the SMs will be negative. Here the effect on the power from the
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inverter, the DC current and voltage and the SOC of batteries and SCs is of interest. This is to
confirm that the HESS will recharge when instructed to.
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Figure 6.21 DC voltage and current
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Figure 6.23 Capacitor voltages
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Figure 6.25 Battery SOC, current and voltage
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Figure 6. 26 HESS SOC

7 Discussion

7.1.1 Comparisons of the scenarios:

To draw a conclusion, it is vital to compare results to find the best solution or at least the

effects the different scenarios have on the system.

7.1.1.1 DC voltage and currents.

Page 45 of 74



W ""W Mﬁw W ANy P M o i Wi M

MW MA’WW\ '

Delayed contribution

o WW Mu W’ m 1\ WW I ,'W “M L u‘N‘m\W WMJM W *J,W
L WWWW ‘ll |

Constant contribution

Page 46 of 74



P
(T |

No contribution

WWWM o K

i M

Absorption of power

The DC voltages all settle quickly. The difference between the scenarios is that the no
contribution-scenario is faster than all the others, note that the measurement y-axis values are
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different. The delayed contribution scenario is very similar to the no contribution-scenario,
with a possibly slightly lower DC current at the end, which makes sense considering the
HESS covers 5% of the power output.

With a higher percentage of HESS power coverage, the difference could be more noticeable.

The difference is slightly more noticeable between the absorbing scenario and the delayed

contribution scenario.

With constant DC voltage the only variable for power transmission over the HVDC line
would be the current, so a lower DC current means a lower amount of power is drawn from

the rectifier.

7.1.1.2 Active and reactive power.
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absorption

Here we clearly see the difference if the HESS is active from the beginning. The instant
contribution curve is bent and slower to settle. The other 3 curves are very similar with little
few differences between them. All scenarios end up at the correct output eventually, so the
controllers are fully capable of correcting any added/missing power contributed by the HESS

when the generator is not in a deficit/surplus situation.

7.1.2 Increased, delayed contribution and absorption from HESS

;,lrw “ﬁk W N'MW WM#W wlm.nw,wwWlMAnh.mww.‘m,ﬂiq.pm;,@,;w»ﬂﬁ
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Figure 7.1 DC voltage and current at 120KW HESS contribution
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Figure 7.2 DC voltage and current from 120KW HESS absorption
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Figure 7.3 DC current close-up at 120KW HESS contribution
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Figure 7.4 DC current close-up at 120KW HESS absorption
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Figure 7.6 P-Q at 120KW HESS

The P-Q curves show little difference in output, which means that the inverter control system
is successful in balancing the different impacts of the 120KW of HESS
absorption/contribution, the close-up of the DC current show a clear difference in how much
power is delivered to the inverter in contrast to the near identical power outputs of the
inverter.
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8 Conclusion

The hybrid energy storage system is working. The different scenarios have very similar
results except for the constant contribution scenario, which was not a huge surprise since it
disturbs the system when it is the most vulnerable. The reason for the lack of clear differences

was probably that the scale of the HESS was too small.

The results from the original scenarios were inconclusive. But the scenarios with a higher
infoutput from the HESS show quite clearly that the HESS can contribute to the grid and
reduce/increase the power taken from the HVDC line, which in this case comes in the form of

reduced/increased HVDC currents.

The reduced need for current in the case of a contributing shows that the HESS can be used as
a buffer for the intermittent nature of wind power, though the system of this thesis is too small
to make a noticeable difference within nominal parameters. Considering physical MMCs tend
to have over a 100 SMs the increase in storage capacity and power output for the HESS
would not necessarily be costly in terms of more expensive storage devices, but rather in the
number of devices needed. An MMC with a share of the submodules with energy storage
capability is an alternative option if a 100% share of SMs with energy storage capabilities is

unnecessary or too expensive for the benefits.

It is the authors belief that the submodule with energy storage system can make a positive
impact on introducing a higher share of renewable energy sources like offshore wind parks
without damaging grid stability due to the intermittent nature of wind power.
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9 Authors contribution

Authors contribution in this simulation is modifying the MMC inverter submodules to
incorporate the HESS and designing the HESS. The main connecting two different MMC
converters together to form a complete HVDC line from the energy source to the grid.

Another contribution is the design and implementation of the HESS balancing scheme into
the inverter arms to eliminate imbalances which could affect capacitor balancing if the HESS

in a SM is unable to contribute.

Small modifications were needed on the inverter MMC to include it in the HVDC line instead

of relying on an ideal voltage source.
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11 Future work

Suggestions for future work:

- The HESS is currently operating on a manual input for power in/output. Devising a
way to automate this by comparing output power from the inverter and grid
requirements would be highly beneficial.

- Physical small-scale tests of simulation.

- Rescaling for typical windfarm power scale and faster settling times.

- Implementation of the SOC limitation on the batteries.

- Test higher HESS power coverage.
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Battery and supercapacitor balancing system.

function y=sortwvc(x)
i=x(1);

a(l)y=x(2):

al2)=x(3);

a(3)=x(4);

a(4)=x(5):

b=[1 a(l);2 a(2):;3 a(3):;4 a(4)1:
c=sortrows (b, 2);

if i»>=0

yic(l,1))=1;

yic(2,1))=2;

yi{c(3,1))=3;

yic(4,1))=4;

else

yi{c(4,1))=1;

yi(c(3,1))=2;

yic(2,1))=3;

yic(l,1))=4;

end

end

Sorting function for capacitor voltages
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Inverter submodule with incorporated HESS.

Page 59 of 74



Rectifier phase arm
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dq0
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This block computes the 3-phase instantaneous active and reactive power using the following equations:
1) P=3/2(Vd*ld + Vq"lq + 2*V0*I0)
2) Q=23/2(Vq*ld - Vd*Iq)

Note: Equation 2 is valid only for a balanced and harmonic-free system.
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Active and reactive power computation.
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