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Non-Isolated Battery AC Charging Using CHB Converters
Investigating Leakage Current and Short-Circuit Conditions
ERIK BENJAMINSSON
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The demand for efficient and compact electric vehicle battery chargers has sparked
interest in non-isolated charging topologies that eliminate the need for a transformer.
This thesis investigates the use of a 31-level grid-connected cascaded H-bridge con-
verter for direct AC battery charging, a concept that integrates the converter into
the battery itself and enables bidirectional power flow without galvanic isolation.
A simulation model was developed to evaluate the system’s behavior with respect
to leakage current, touch current, and short-circuit conditions under various grid
scenarios. The simulations showed excessive touch current compared to electric ve-
hicle safety standards, which was especially high when using zero-sequence injection.
This highlights the importance of minimizing parasitic capacitance. The leakage and
touch current were found to be dependent on grid voltages, converter voltages, and
modulation scheme. An analytical model was developed to describe the leakage
current, yielding results consistent with the simulations. An approximate maxi-
mum limit for the total parasitic capacitance of the converter was calculated to be
120 nF. Short-circuit simulations highlighted the importance of grid impedance and
R/X-ratio in determining let-through energy and protection requirements.

Keywords: Non-isolated converter, cascaded H-bridge, electric vehicle, battery charg-
ing, leakage current, touch current, short circuit, transformer-less, zero-sequence
injection.
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1
Introduction

Efficiency is an important aspect of power electronics that drives the development
of new technologies. Higher efficiency not only reduces energy losses and opera-
tional costs, but also allows designs to be more compact, lightweight, and cost-
effective. In photovoltaic (PV) systems, the transition to non-isolated topologies in
grid-connected inverters increased the efficiency of such systems by 1-2% [1]. This
increase comes from the exclusion of multiple stages of power conversion needed
for the transformer, all of which contribute to power loss. In the electric vehicle
industry, battery charging is commonly performed using isolated topologies with
structures similar to the one shown in Figure 1.1. Non-isolated battery charging for
electric vehicles is therefore a highly interesting topic.

AC
DC

DC-DC

Power-
Grid Battery

Rectification &
PFC

Galvanic
Isolation

Figure 1.1: The structure of the traditional charging circuitry for electric vehicles.

A multilevel converter known as the cascaded H-bridge (CHB) converter is especially
interesting for this purpose, as its modular structure allows it to be integrated into
the battery. This essentially turns the car battery into a bidirectional converter that
can be connected directly to the power grid during charging. Since the converter can
be controlled to produce sinusoidal currents in phase with the grid voltages, the need
for a separate power factor correcting (PFC) rectifier is eliminated. The battery can
also be used to drive the electric motors, eliminating the need for dedicated electric
drives.
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1. Introduction

AC-DC

Power-
Grid

The battery is
integrated into
the converter

Rectification &
PFC

CHB-
Converter

Figure 1.2: The structure of a charging concept utilizing a CHB converter.

Despite the stated benefits, the implementation of non-isolated battery charging in
electric vehicles poses some problems. One such problem is that the lack of galvanic
isolation in the charger provides a path for leakage current through the parasitic
capacitance between the battery and the chassis. If the parasitic capacitance is
too high, it can cause excessive leakage current that could trip the residual current
device (RCD), or even present as harmful touch current if the chassis is touched.

The purpose of this thesis is to implement a model of a 31-level grid-connected
CHB converter, and to simulate the leakage and touch current during charging
under various power grid conditions. The results will then be compared to existing
electric vehicle standards. Some short-circuit conditions will also be investigated to
provide information that might be valuable when selecting protective devices.
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2
Theoretical Background

This chapter provides the theoretical background necessary to understand the fun-
damental operating principles of CHB converters. It also explains important aspects
of leakage current and short circuits.

2.1 Power Electronic Converters

Historically, transformers played an important role in power conversion as they
allowed AC power from the grid to be transformed to different voltage levels. Due
to the relatively low frequency of the power grid, the transformers had to be large
to avoid core saturation. With the improvement of semiconductor devices, power
conversion was made possible by switching at higher frequencies, which reduced the
size of transformers and made it possible to use transformer-less topologies. Today,
a device that converts one type of electric power to another is known as a power
electronic converter. A common type of converter is the two-level converter shown
in Figure 2.1, which can convert from DC to AC, and vice versa. The ability to
transfer power in both directions makes it a bidirectional converter. The transistors
are used to switch the outputs Va, Vb and Vc between −VDC/2 and VDC/2 (hence the
name two-level converter) at a fast rate. Through passive filtering, the voltages can
be smoothed to produce any desired output voltage between −VDC/2 and VDC/2.
The 0-volt reference is set to the midpoint of the DC voltage to correspond to the
average voltage of the outputs, to act as a neutral point.

VDC/2

+

-

+

-

VDC/2

VA
VB

VC

Figure 2.1: A two-level converter using IGBT transistors.
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2. Theoretical Background

A downside of the two-level converter is that the transistors need to be rated for the
full DC voltage. The converter also experiences large changes in voltage (dv/dt),
which causes problems such as component stress, parasitic coupling, and electro-
magnetic interference (EMI). The two-level converter therefore does not scale well
to higher voltages, which is desirable for efficiency. An alternative solution is the
multi-level converter, which as the name implies divides the available DC voltage
into multiple levels that can be switched independently. This reduces component
stress and EMI by reducing dv/dt and current ripple [2].

2.2 Cascaded H-bridge Converter (CHB)

The CHB is a multilevel converter that consists of H-bridges connected in series.
Each H-bridge is connected to its own DC-source, in this case a battery cell, and
together they form a module. By using different switching states the DC sources can
be selectively chained together to synthesize the desired output voltage. A schematic
of the CHB converter is shown in Figure 2.2. The modular structure of the CHB
converter allows an almost arbitrary number of H-bridge cells to be connected in
series. This makes the converter easily scalable to higher voltages, and the switches
only need to be sized in accordance with the DC-source voltage.

+

-

+

-

+

-
+

-

Vout

Figure 2.2: A CHB converter.

The operation of the CHB relies on the different switching states of the H-bridge.
These are shown in Figure 2.3 with the conduction paths and transistor states
highlighted. Each H-bridge can be in four states; positively connected (a), negatively
connected (b), bypassed (c or d), or disconnected (e). Notice that the bypassed state
can be achieved in two different ways. The disconnected state is achieved by turning
off all transistors, making the entire H-bridge behave like an open switch.

2.2.1 Modulation Techniques

By utilizing the different possible switching states of each submodule, the CHB-
converter can produce a set of discrete output voltages [3]. To achieve output
voltages in between these values, the submodules must be switched so that the time-

4



2. Theoretical Background

+

-

+

-

Vpos

+

-+

-

Vneg

+

-+

-

0

+

-+

-

0

+

-

+

-

NC

a) b)

c) e)d)

Figure 2.3: The different switching states of the H-bridge.

averaged output voltage equals the reference voltage. The process of determining
when and how to switch the transistors in a converter is called modulation. Ideally,
the modulator takes a reference voltage (typically from a controller) and switches
the transistors in such a way that the averaged output voltage equals the reference
voltage.

2.2.1.1 Pulse-Width Modulation

A key modulation technique is known as pulse-width modulation (PWM) [3]. PWM
can be understood by analyzing the phase leg of a two-level inverter, shown in Figure
2.4. The reason for placing the 0 volt reference at the mid point of the DC voltage
supply is to make it coincide with the average common-mode potential in a three-
phase inverter driving a symmetric load. In accordance with this, the output voltage
of the phase leg can be either VDC

2 , or −VDC
2 . The switching signals for the transistors

in the phase leg are determined by comparing the reference voltage to a triangular
carrier wave. When the reference voltage is higher than the carrier, the phase leg
outputs VDC

2 , and −VDC
2 otherwise. This is illustrated in figure 2.5, where the features

have been exaggerated to make it easier to see the important details. In reality, the
carrier frequency is often very high compared to the reference voltage, which renders
the reference voltage approximately constant throughout a switching period. What
this method achieves is an output voltage square wave in which the reference controls
the duty cycle

D = Ton

Tc
. (2.1)

The average voltage over a switching period is approximately equal to the reference
voltage. The ratio between the reference voltage and the maximum output is called

5



2. Theoretical Background

modulation index, ma, which follows the relationship

v̂out,1 = ma · VDC

2 , (2.2)

where v̂out,1 is the amplitude of the fundamental frequency that the converter is
producing [3]. When the voltage reference stays within the possible output range,
the modulation index is between -1 and 1, otherwise the phase leg is said to be
over-modulated.

S1

S2

VDC/2

+

-

+

-

VDC/2

Vo

−VDC

2

VDC

2

Carrier

Vref

−VDC

2

VDC

2

Vo

Tc

Ton

Figure 2.4: Phase leg of
a two-level inverter.

Figure 2.5: Carrier- and reference signal on the top and the
resulting phase leg output voltage at the bottom.

2.2.1.2 Phase-Shifted Carriers

In order to control series-connected converter modules, multiple carriers need to
be generated. One way of doing this is to use phase-shifted carriers [3], where the
carriers have an evenly distributed phase-shifts described by

θi = 2π

N
(i − 1), {i = 1, . . . , N}, (2.3)

where θi is the phase shift of the i:th carrier, and N is the total number of carriers
used. The number of output levels Nlevel of a converter dictates the necessary amount
of carriers Nc according to

Nc = Nlevels − 1, (2.4)
which means that for a two-level half-bridge, one carrier is enough. In a CHB-
converter however, each module can produce three levels, VDC, 0, and −VDC. There-
fore, two carriers are needed per converter module. Figure 2.6 shows the waveforms
of a 7-level CHB converter. Six carriers are needed for the three converter modules.
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2. Theoretical Background

−3VDC

3VDC

Carriers

c1 c2 c3 c4 c5 c6 Vref

−3VDC

−2VDC

−VDC

0

VDC

2VDC

3VDC

Vo

Figure 2.6: Phase-shifted carrier waveforms and corresponding output voltage for a 7-level
CHB converter.

2.2.1.3 Level-Shifted Carriers

Level-shifted carrier modulation uses multiple carriers that are shifted in amplitude
[3]. The carrier waveforms and the corresponding output of a 5-level converter
are shown in Figure 2.7. The carriers in the positive half-plane determine when
the modules switch between 0 and VDC, and the carriers in the negative half-plane
determine when the modules switch between 0 and −VDC. In the carrier-based
modulation strategies, the mapping from the carriers to the modules can be made
arbitrarily.
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−2VDC

2VDC

Carriers

c+1 c−1 c+2 c−2 Vref

−2VDC

−VDC

0

VDC

2VDC

Vo

Figure 2.7: Level-shifted carrier waveforms and corresponding output voltage for a 5-level
CHB converter.

2.3 Lithium Ion Batteries

The lithium-ion (Li-ion) battery is one of the most common types of rechargeable
battery for portable electronics and electric vehicles [4]. The Li-ion cell stores energy
through the oxidation and reduction of lithium. In a fully discharged Li-ion cell,
most of the lithium exists in its reduced form as a lithium compound in the cathode
(positive terminal). There are a number of different lithium compounds that can
be used for the cathode, and a common choice for high-energy-density applications
is nickel manganese cobalt oxide (NMC). The anode (negative terminal) most com-
monly consists of graphite, and as the battery charges, the lithium in the cathode
oxidizes, creating lithium ions that dissolve and move through the electrolyte into
the graphite. When the battery is charged, the graphite is said to be lithiated.

2.3.1 Equivalent Electrical Circuit

In order to do simulations with Li-ion batteries, an electrical model is needed. The
model should mimic the behavior of the cell, which is largely governed by charge
transfer at the electrodes, mass transport through the electrolyte, and ohmic re-
sistance. An important phenomenon that affects the behavior of the cell is the
electrical double layer that forms at the boundary between the electrodes and the
electrolyte. This layer consists of ionic charges that give it capacitive properties.

8
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The behavior of the Li-ion cell is in large part non-linear, and the cell parameters
are dependent on factors such as SoC, temperature, usage pattern, and age. A
simplified electrical model can be constructed using a voltage source in series with
the ohmic resistance, although such a model may not adequately describe the high-
frequency behavior of the cell. The reason for this is that the capacitive behavior of
the electrical double layer will provide a low-impedance path for currents during fast
voltage transitions. This may be important because the cell model will be used in
a switching converter with fast voltage transitions. It may especially be important
when performing short-circuit tests, since the short-circuit current should be higher
due to capacitive effect. Therefore, an equivalent circuit with two RC networks will
be used. The circuit is shown in Figure 2.8 and consists of an ohmic resistance
R0, two RC networks, and an inductor. The RC networks describe behavior due
to charge transfer and the electrical double layer, and the inductor models the
inductance of the battery bus bars. The voltage source is a function that maps
the battery’s state of charge (SoC) to its open-circuit voltage. This function is
different depending on the exact Li-ion chemistry that is used, and can also include
temperature dependence.

+

-

R0

R1 R2

C1 C2

L

Figure 2.8: A 2RC equivalent circuit model of a Li-ion battery.

2.3.2 Battery Pack Notation

The standard way to communicate the configuration of a battery pack is to put it
in the form XSY P where X is the number of cells connected in series and Y is the
amount of such series strings that are connected in parallel.

2.4 Power Grid

This section will discuss different configurations and characteristics of the power
grid, as well as challenges of connecting it to power electronic converters.

9
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2.4.1 Three-phase Electric Power

The most common way to transfer electric power from producers to consumers is to
use a three-phase system. A three-phase transmission system has three conductors
with sinusoidal phase voltages that are phase shifted 120 degrees from each other.
These voltages can be mathematically expressed as

va = V̂a sin(ω1t + ϕa) (2.5)

vb = V̂b sin(ω1t − 2π

3 + ϕb) (2.6)

vc = V̂c sin(ω1t + 2π

3 + ϕc) (2.7)

where V̂a,b,c denotes the peak voltage of each phase, ω1 is the fundamental angular
frequency of the grid, and ϕa,b,c is the phase shift of each phase voltage [3]. Producing
these quantities is commonly done using generators with windings that are physically
displaced with respect to each other, so that the rotor flux naturally induces phase
voltages with the desired phase shift. A very common way to describe the three-
phase quantities is to use a phasor diagram, shown in Figure 2.9, which encodes
amplitude and phase in a more visible format.

ωt

t

ua

ub

uc

Im

Re

Figure 2.9: Visual interpretation of a three phase phasor diagram.

There are two main ways in which a three-phase load can be connected to a three-
phase system: a Y-connection or a ∆-connection [3]. Both of these configurations
are shown in Figure 2.10. A, B, and C refer to phase conductors and N is the
neutral conductor at 0-volt potential. The neutral conductor is only relevant for
the Y-configuration and is not necessary if the impedances are equal, such that
Za = Zb = Zc. A load that has this characteristic is said to be balanced. If a Y-
configured load is balanced, the total current flowing into the neutral node is zero,
eliminating the need for a return conductor. This is one of the main benefits of
three-phase electric power, as it makes efficient use of conductor material. Another
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benefit is that, unlike in a single-phase system, the total power flow delivered to a
balanced three-phase load is constant [5]. This is illustrated in Figure 2.11, which
shows the waveforms for a purely resistive load. The power flow for a single phase
has double the frequency of the phase voltages and drops to zero at its minimum.
Supplying a load from a single-phase supply therefore requires energy storage in
the form of large bulk capacitors, which increases cost and reduces the lifetime. In
contrast, a balanced three-phase load draws power evenly over time, reducing the
need for energy storage components.

A

B

C

N

A

B

C

-

+

+ -

+

-
+

-

+
-

-

+

Figure 2.10: The two main load configurations for three-phase systems.

Phase Voltage

t

va

vb

vc

Power Flow

t

pa

pb

pb

ptot = pa + pb + pc

Figure 2.11: Phase voltages and power plotted for each phase in case of a balanced system
with a purely resistive load. The dashed magenta line shows the total power which is constant.
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2.4.2 Balanced- & Unbalanced Three-phase

Like a three-phase load, the phase voltages can also be more or less balanced. In
an ideal three-phase system the phase voltages are purely sinusoidal, have the same
amplitude, and are 120 degrees phase-shifted from each other. If these conditions
are met, the system is balanced [3]. In reality, phase voltages can deviate from the
ideal system in ways that can affect the operation of grid-connected converters. A
common way to quantify the balance of a three-phase system is to analyze it in
terms of symmetrical components.

2.4.2.1 Symmetrical Components

Any set of unbalanced three-phase quantities can be expressed as the sum of three
sets of symmetrical components [3]. These components are called positive sequence,
negative sequence, and zero sequence. The positive sequence is given by

v+
a = V̂+1 sin(ω1t + ϕ+1) (2.8)

v+
b = V̂+1 sin(ω1t − 2π

3 + ϕ+1) (2.9)

v+
c = V̂+1 sin(ω1t + 2π

3 + ϕ+1), (2.10)

where V̂+1 and ϕ+1 denote the amplitude and phase shift of the positive-sequence
phase voltages v+

a,b,c. In the negative sequence, the phase shifts of the b- and c-
quantities have switched places, and are thus given by

v−
a = V̂−1 sin(ω1t − ϕ−1) (2.11)

v−
b = V̂−1 sin(ω1t + 2π

3 − ϕ−1) (2.12)

v−
c = V̂−1 sin(ω1t − 2π

3 − ϕ−1), (2.13)

where V̂−1 and ϕ−1 denote the amplitude and phase shift of the negative-sequence
phase voltages v−

a,b,c.

The zero sequence consists of quantities with the same phase, and is given by

v0
a = V̂0 sin(ω1t + ϕ0) (2.14)

v0
b = V̂0 sin(ω1t + ϕ0) (2.15)

v0
c = V̂0 sin(ω1t + ϕ0), (2.16)

where V̂0 and ϕ0 denote the amplitude and phase shift of the zero-sequence phase
voltages v0

a,b,c.
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An example of an unbalanced three-phase system is shown in Figure 2.12, where the
symmetrical components that constitute the system are shown as phasor diagrams.
The presence of negative- and zero-sequence components in the grid indicates asym-
metries caused by unbalanced loads or faults. For example, a large negative sequence
voltage could indicate a line-to-line short circuit, whereas a combination of negative
and zero sequence voltages could indicate a short circuit from line to ground.

Unbalanced Three-Phase Waveform

A
B
C

Positive Sequence

A

B

C

Negative Sequence

A

C

B

Zero Sequence

ABC

Figure 2.12: Waveforms of an unbalanced three-phase AC-system and the phasors
corresponding to its symmetrical components. All phasors are spinning counterclockwise.

2.4.3 Harmonics

Power quality in a three-phase system is affected not only by voltage imbalances but
also by the presence of non-linear loads. Such loads introduce frequency components
higher than the fundamental frequency, which are collectively referred to as harmon-
ics. These harmonics occur at integer multiples of the fundamental frequency and
are expressed as:

ωn = n · ω1, n = 1, 2, 3, . . . (2.17)

where n denotes the order of the harmonic. Harmonics have undesirable effects, such
as power loss, heating, as well as higher peak voltages that can stress system compo-
nents [6]. Harmonics that are integer multiples of three such that n = 3, 6, 9, . . . are
called zero-sequence harmonics, since they appear as zero-sequence components [7].
The presence of these harmonics causes current to flow through the neutral conduc-
tor (if present), which can lead to overheating. Harmonics where n = 3k − 2, k ∈ N
such that n = 1, 4, 7, . . . are called postive-sequence harmonics, which means that
they rotate in the same direction as the fundamental frequency component. On the
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other hand, harmonics where n = 3k − 1, k ∈ N such that n = 2, 5, 8, . . . are called
negative-sequence harmonics, which means that they rotate in the opposite direc-
tion. In electric motors, negative sequence harmonics produce flux that opposes the
intended direction of rotation, which decreases efficiency [8].

2.4.4 Earthing Systems

An important aspect to consider in grid-connected converters is the earthing system,
and there are different systems used depending on the country. The system used in
Sweden is the TN-C-S system, which stands for Terra-Neutral-Combined-Separate
[9], and will be the focus of this investigation. An overview of this system is given
in Figure 2.13. Terra refers to the fact that the system is physically connected
to the ground at the transformer station that supplies a residence or an industry.
This is done at the star point of the transformer. Neutral means that any equip-
ment supplied by the system has a direct connection to the grounding point on the
transformer. Combined and Separate indicate that neutral and protective earth are
combined in a single conductor, the PEN conductor. This conductor is then sep-
arated in a distribution board that provides a neutral conductor and a protective
earth (PE) conductor for any connected equipment.

Distribution
Board

Load / Equipment

PEN

L1

L2

L3

N

PE

Transformer

Protective earth and 
neutral are separated

Ground

Figure 2.13: An overview of the TN-C-S system which is used in Sweden.

2.4.5 Leakage & Touch current

Although protective earthing adds safety, it also has the undesired effect of providing
a path to the power supply ground through resistive and capacitive coupling between
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the electronic equipment and the chassis. The capacitive coupling is caused in part
by the practice of adding physical capacitors connected to the protective earth to
suppress common-mode voltages. Another contributor is parasitic capacitance which
arises naturally between the electronic equipment and the chassis. Any current that
finds its way to the chassis and through the protective earth conductor is referred
to as leakage current. The path of the leakage current is illustrated to the left in
Figure 2.14, where it is shown how the leakage current can form a ground loop that
causes EMI. If the leakage current is high enough, it can also trip the RCD. This
typically happens when the leakage current exceeds 30 mA RMS.

Electronic
Equipment

Chassis

Parasitic
Capacitance

L1
L2
L3

PEN

PE

N

Current loop causing EMI.

Electronic
Equipment

Chassis

Parasitic
Capacitance

L1
L2
L3

PEN

PE

N

PE interruption causing
hazardous chassis potential.

Leakage Current
(Normal Conditions)

Touch Current
(Fault)

Figure 2.14: The possible paths for leakage current.

If a human or animal touches the chassis of a piece of electrical equipment, current
may flow through the body back to the source. This is known as touch current,
and is illustrated to the right in Figure 2.14. If the protective earth conductor is
interrupted, the chassis is no longer clamped to neutral voltage, which poses a more
serious risk of injury or death. A poorly designed piece of electrical equipment could
pass enough touch current to cause injury or death to a human or animal that is
touching the chassis, and there are regulations that define maximum limits.

2.4.5.1 Common-Mode Voltage

In a three-phase load, the common-mode voltage refers to the voltage between the
neutral point and the ground of the power source, and can be expressed as

VCM = 1
3 (Va + Vb + Vc) . (2.18)

A high common-mode voltage can cause excessive leakage current, since it appears
on all phases.
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2.4.5.2 Capacitance

In order to understand the mechanisms behind leakage current, it is useful to study
the governing equation of the capacitor

i(t) = C
dv(t)

dt
, (2.19)

where C is the capacitance, i(t) is the current through the capacitor, and v(t) is
the voltage over the capacitor. This equation shows that it is the rate of change of
voltage that drives leakage current. Using the Fourier transform and rearranging
gives the reactance

V (jω)
I(jω) = 1

jωC
, (2.20)

where ω is the angular frequency. This shows that a capacitor can be thought of
as a frequency-dependent resistor where the resistance decreases as the frequency
increases. In switching applications such as converters, the high frequency content
of rapidly switching transistors therefore pose a design challenge.

A useful circuit to study is the RC-circuit, which consists of a resistor and capacitor
in series as shown in Figure 2.15. If a step voltage V0 is applied to the circuit, the
voltage over the capacitor will increase according to

vC(t) = V0
(
1 − e− t

RC

)
(2.21)

producing an exponential waveform as shown in Figure 2.16. An important param-
eter of the RC-circuit is the time constant

τ = RC, (2.22)

+

- -

+

τ0

0

V0

0.63V0

t

Capacitor Voltage

Step Voltage

Figure 2.15: An RC-circuit. Figure 2.16: RC-circuit voltages
during a voltage step.

as it characterizes how fast the capacitor charges. Substituting t = τ in Equation
2.21 shows that the capacitor voltage will have reached approximately 63% of the
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step voltage after τ seconds have passed. Acquiring τ by measuring the voltage over
a capacitor is therefore an effective way of measuring its capacitance, since it can
easily be calculated with Equation 2.22.

2.4.5.3 Requirements & Test Procedure For Touch Current

Unlike leakage current, touch current must conform to specific legal requirements.
The maximum allowable touch current for electric vehicles is defined in ISO 5474-
1:2024 "General Requirements for conductive power transfer". It states the following
touch current limits:

a) In normal conditions:

– 0.5 mA AC (RMS)

– 2 mA DC

b) During a protective earth interruption:

– 3.5 mA AC (RMS)

– 10 mA DC

The touch current test procedure is defined in ISO 5474-2:2024, AC power transfer,
and involves the use of the measurement circuit shown in Figure 2.17, with the
parameter values listed in Table 2.1). It contains a body model that mimics the
impedance of a real human body, and is used to measure the touch current in the
setup shown in Figure 2.18.

A
B

Figure 2.17: The touch current measurement circuit.
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LL

L

L

N

PE

B A

Electric
Vehicle
Supply

Equipment

Line or
Neutral
Fault

Switch

Measurement
Circuit

Enclosure of
DUT

DUT

Test
Probe

Power
Supply

Figure 2.18: The touch current measurement setup.

Table 2.1: Measurement circuit parameter definitions.

Parameter Value/Definition

Rs 1.5 kΩ

Ra 500 Ω

R1 10 kΩ

Cs 0.22 µF

C1 0.022 µF

V Measured voltage used to calculate touch current.
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2.4.6 Power Grid Modeling

The power grid is characterized by many different parameters that are of interest
when creating a model for it. Two such parameters are the short-circuit power SSC
and the R/X-ratio. The organization Cigre provides ranges for these parameters
for different grid voltages Vg in European and North American grids [10]. These
parameter ranges are presented in Table 2.2 and 2.3.

Table 2.2: European grid equivalent data from Cigre.

Voltage Level Grid Voltage, Vg
[kV RMS LL]

Short-Circuit Power, SSC
[MVA]

R/X-ratio

Low Voltage 0.4 1 to 10 0.70 to 11.00

Medium Voltage 20 100 to 1000 0.40 to 2.00

High Voltage 220 5000 to 20000 0.07 to 0.60

Table 2.3: North American grid equivalent data from Cigre.

Voltage Level Grid Voltage, Vg
[kV RMS LL]

Short-Circuit Power, SSC
[MVA]

R/X-ratio

Low Voltage 0.12/0.208/0.48 † 1 to 10 0.70 to 11.00

Medium Voltage 12.47 100 to 1000 0.40 to 2.00

High Voltage 230 5000 to 20000 0.07 to 0.60
† 0.12 kV is line-to-neutral voltage of single-phase residential subnetwork;
0.208 kV is of commercial subnetwork; 0.48 kV is of industrial subnetwork.

The short-circuit power is the apparent power that flows in the case of a short
circuit, and the R/X-ratio is the ratio between the resistance and the reactance of
the source impedance. Using the line-to-line voltage VLL, the impedance of each
phase is given by

ZG = V 2
LL

SSC
. (2.23)

Assuming that the reactance is inductive, the resistance and inductance of ZG can
be calculated with

RG = kZL√
k2 + 1

(2.24)

LG = ZL

ω1
√

k2 + 1
(2.25)

where k is the R/X-ratio and ω1 is the angular frequency of the grid. With these
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parameters the model shown in Figure 2.19 can be constructed.

A

B

C

N

Figure 2.19: Power grid model.

2.5 Converter Control Methods

The following sections describe concepts that are relevant for the control of three-
phase converters.

2.5.1 Space Vectors & The Rotating Reference Frame

A useful technique when dealing with balanced three-phase quantities, such as volt-
ages or currents, is to represent them as equivalent two-phase quantities. The two
components of the two-phase representation can be expressed as a vector in the
complex plane by using the Clarke transformation

vs = vα + jvβ = 2
3K

(
va + vbej2π/3 + vce−j2π/3

)
(2.26)

[3] where the subscripts α and β correspond to the real and imaginary components
respectively. K is a scaling constant that can be chosen to encode the desired
quantity in the magnitude of the vector. Choosing K = 1 gives the vector the
same magnitude as the three-phase quantities, called amplitude-invariant scaling.
Henceforth, this scaling will be used.

The amplitude invariant Clarke transformation can be expressed in matrix form
with [

vα

vβ

]
=
[2

3 −1
3 −1

3
0 1√

3 − 1√
3

] va

vb

vc

 , (2.27)
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[3] which is commonly given the symbol shown in Figure 2.20. Using this trans-
formation reduces the number of variables to only two, which simplifies control.
The alpha-beta axes form what is often called a stationary reference frame, since
the axes themselves are fixed in time. By transforming the alpha-beta quantities
further using the Park transformation[

vd

vq

]
=
[

cos(θ) sin(θ)
− sin(θ) cos(θ)

] [
vα

vβ

]
, (2.28)

the reference frame is made to rotate with the phase angle θ, creating instead a
rotating reference frame. By selecting

dθ

dt
= ω1, (2.29)

all quantities of this frequency will appear as DC from the perspective of this refer-
ence frame. The Park transformation therefore makes it possible to control three-
phase systems with DC-controllers.

Figure 2.20: Three-phase to alpha-beta transformation symbol.

Figure 2.21: Three-phase to rotary transformation symbol.

2.5.2 Grid Synchronization

Grid synchronization is an important part in the control of grid-connected converters
that deals with determining grid variables such as phase angle, frequency, and ampli-
tude [1]. Monitoring these variables allows the converter to produce sinusoidal phase
currents that are synchronized with the grid voltages at the fundamental frequency.
This allows for control over the active and reactive power of the converter. Knowing
the phase angle also makes it possible to transform the grid voltages and currents to
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a rotational reference frame where the fundamental frequency quantities appear as
DC, simplifying control. Due to the presence of harmonics and disturbances caused
by other loads connected to the grid, the acquisition of grid parameters must be
adequately robust. Grid synchronization is therefore a well-researched area with
many different techniques.

A common grid synchronization method is to use the phase-locked loop (PLL),
which consists of a phase detector (PD), a loop filter (LF), and a voltage-controlled
oscillator (VCO) [1]. An overview of the structure of the PLL is shown in Figure
2.22. The objective of the PLL is to take an input signal v(t) and produce an output
signal v′(t) that minimizes phase error epd(t), which locks the phases of the input
and output signals. An estimate of the phase angle of the input signal (the variable
of interest) is produced internally in the VCO.

Phase
Detector Loop Filter

Voltage
Controlled
Oscillator

Figure 2.22: Block diagram of a phase-locked loop.

2.5.2.1 SRF-PLL

The synchronous reference frame PLL (SRF-PLL), is a three-phase PLL which uses
the Park transformation to convert the grid voltages to dq-quantities [1]. The struc-
ture is shown in Figure 2.23. The low-pass filter takes vq as an error signal and
controls the frequency/phase generator (FPG) to regulate vq to zero, aligning the
voltage vector with the d-axis. This configuration conveniently makes the d-current
correspond to the active power, and the q-current to the reactive power.

PD

LF
FPG

Figure 2.23: Structure of an SRF-PLL.

By supplementing the SRF-PLL with a decoupling network, a decoupled double syn-
chronous reference PLL (DDSRF-PLL) can be formed, which unlike the SRF-PLL
can produce dq-quantities for both the positive and negative sequence components
of the fundamental frequency. This is useful for operating a converter under unbal-
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Figure 2.24: A block diagram of a PI-controller.

anced conditions.

2.5.3 PI- & PR Controllers

The PI controller is a closed-loop controller that is common in the industry [11].
The name of this controller comes from the proportional (P) and integral (I) gain
that the controller applies to the error signal. The error signal is the difference
between the reference signal (the desired output of the system) and the measured
output. Figure 2.24 shows a block diagram representation of a PI controller, and
the frequency domain transfer function is given by

GC(s) = Kp + Ki

s
(2.30)

where Kp and Ki represent the proportional and integral gain respectively.

In order to use the PI controller for the control of AC quantities, it must be imple-
mented in a rotating reference frame where the reference signal and the measured
quantities are transformed to DC. Otherwise, the controller will produce a high
steady-state error [11].

Unlike the PI controller, the proportional resonant (PR) controller can be imple-
mented in the stationary reference frame without the need for transformations. The
PR controller replaces the integral term in the PI controller with a resonant term,
and has the transfer function

GC(s) = Kp + 2Kis

s2 + ω2
0

(2.31)

where ω0 is the resonant frequency of the controller. ω0 is the pole of the second
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term, and setting it to the same frequency as the controlled quantity provides a high
gain.

2.5.4 Third Harmonic Zero-sequence Injection (ZSI)

Leaving the neutral conductor of a grid converter unconnected offers the option of
injecting a zero-sequence voltage. The reason for this is that any injected zero-
sequence voltage appears at the Y-point, which would cause a short circuit if the
neutral is connected. The benefit of ZSI might not be obvious, and it may seem
counterintuitive to intentionally create an imbalance in the system. Figure 2.25
shows a phasor diagram of a converter that does not use ZSI, and its phase voltage
is limited by the maximum DC voltage that a single CHB string can produce. The
maximum modulation index in this case is therefore 1. In Figure 2.26 however, a
zero-sequence component has been added at three times the fundamental frequency,
which essentially pushes the center of the positive sequence arrows away from the
DC limit, which accommodates a higher phase voltage. Using a third-harmonic
zero-sequence injection therefore increases the maximum modulation index from 1
to 2√

3 , approximately 15% higher. This could be especially useful when charging
batteries, as it would utilize the CHB modules more efficiently. In practice, ZSI can
be implemented by adding the following expression to all voltage references of the
converter [3]:

vZSI = −|vs
ref |
6 cos(3arg(vs

ref)). (2.32)

~Va

~Vb
~Vc

VDC

−VDC

Unused

V̂LL =
√

3VDC

~Va

~Vb

~Vc

VDC

−VDC

Figure 2.25: Phasor diagram showing the maximum voltage without ZSI. The red parts show
the unutilized parts of the DC voltage.
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~Va
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−VDC
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~Va

~Vb
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V̂0
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Figure 2.26: Phasor diagram showing the maximum voltage with ZSI. Here the DC voltage
is fully utilized.

2.6 Short Circuit

When designing electrical applications, it is important to consider fault conditions
such as short circuits. This is especially true in applications with Li-ion batteries,
where excessive internal heat dissipation caused by a short circuit can lead to thermal
runaway and cause fires. The magnitude of the current that flows as a result of a
short circuit is dependent on the impedance at the point of the short circuit, as
well as the impedance of the energy source. The maximum current that can flow
in the case of a short circuit is called the prospective short-circuit current (PSCC)
[12], and protective devices such as fuses and breakers should be able to protect the
equipment against this current.

2.6.1 Delayed Zero Crossings

If a short-circuit occurs, it is desirable to disconnect the power source with some
type of breaker. If the current is not 0 when the breaker is activated, there is a
risk of arcing. Figure 2.27 shows a short-circuit model with sinusoidal voltage E,
resistance R and inductance L. The short-circuit current i(t) can be expressed as

i(t) = e− R
L

t

{
−Ê√

R2 + ω2L2
sin

[
φ − tan−1

(
ωL

R

)]}

+
{

−Ê√
R2 + ω2L2

sin
[
ωt + φ − tan−1

(
ωL

R

)]}
, (2.33)

where Ê is the voltage amplitude, ω is the angular frequency of the voltage, and
φ is the phase shift [13]. The first term is a DC component that decays at the
rate determined by e− R

L
t, which has a time constant that is inversely proportional

to the R/X-ratio. This DC-term causes the short-circuit to be asymmetric. Figure
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2.28 shows how a lower R/X-ratio increases the decay time of the short-circuit DC
component. For certain loads, the short-circuit current may be displaced by the
DC component such that the zero crossings are delayed for more than one period.
This may prevent a breaker from activating, and is therefore an important factor to
consider when selecting protective devices.

Figure 2.27: Equivalent short-circuit model.

Current R/X = 1
2

Time

i(t)

DC-term

Current R/X = 1
20

Time

i(t)

DC-term

Figure 2.28: The asymmetric short-circuit current waveform for two different R/X-ratios.

2.6.2 Let-Through Energy

The high current that follows a short circuit is dissipated as heat in the affected
electronic equipment. Therefore, a short circuit must be interrupted in time before
the allowable temperature limits of the system components are exceeded [14]. A
common metric used to dimension protective devices and wiring with respect to the
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PSCC is let-through energy, which can be expressed as

Let-Through Energy =
∫ tbreak

tsc
iSC(t)2dt, (2.34)

where iSC(t) is the short-circuit current, tsc is the time at which the short circuit
occurs and tbreak is the time at which it is interrupted. A simplified way to represent
the let-through energy is given by using the RMS value of the short-circuit current
instead:

Let-Through Energy = I2
SCt, (2.35)

where t is the duration of the short circuit. The let-through energy represents the
heat generated per unit of resistance in the short-circuit current loop, which can be
realized by comparing it to the energy equation E =

∫
RI2dt. It can therefore be

used to link the maximum thermal stress of the system to a maximum allowable
time limit for protective devices to interrupt a short circuit.
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3
Measurements & Simulations

This chapter presents the measurements and simulations used to evaluate the behav-
ior of the CHB converter in terms of leakage current, touch current and let-through
energy during a short circuit.

3.1 Parasitic Capacitance Measurement

The total parasitic capacitance of a prototype converter was measured by applying
a voltage step between the chassis and different points in the system. A diagram of
the measurement setup is shown in Figure 3.1, where the different test points are
marked P1 and P2. The time constant was extracted for each waveform and the
total capacitance was calculated using Equation 2.22. The battery configuration for
the prototype converter is shown to the left in Figure 3.2.

CHB (9 x 4S1P)

CHB (9 x 4S1P)

CHB (9 x 4S1P)

Step

Oscilloscope

R

Chassis

Measurement Equipment

Prototype

[P1, P2]
P1

P2

Figure 3.1: Sketch of the measurement setup.
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6S 2P4S 1P

Figure 3.2: Battery cluster configurations.

Figure 3.3: Measurement equipment. The numbered items are: 1) Multimeter; 2) Decade
resistance box; 3) Differential probe; 4) Oscilloscope.

3.2 Leakage & Touch Current Simulation

The software used for modeling was PLECS 4.8.10. The simulations were run in
Matlab R2023b using PLECS blockset. The solver settings used for the simulations
are shown in Figure 3.8.

The H-bridges of the CHB converter were modeled using ideal switches together
with a resistance of 5 mΩ to model the on-state resistance of a MOSFET. The Li-
ion battery cells were modeled as equivalent circuits with second-order RC circuits.
The open circuit voltage was set to a constant 4.2 Volts. A CHB converter string
was then modeled using 15 H-bridges, each fitted with 12 Li-ion cells in a 6S2P
configuration. An overview is given in Figure 3.4. The earthing system was modeled
according to the TN-C-S configuration.
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3. Measurements & Simulations

3.2.1 Three-Phase Model

Three CHB-strings were arranged in a Y-configuration to form a three-phase con-
verter. The switching frequency of the converters was set at 50 kHz. Level-shifted
carrier modulation was used and the carriers were mapped to the modules so that
the turn-on order goes incrementally from the phase connection to the Y-point as
shown in Figure 3.5. The grid was modeled using an RL-circuit in series with each
phase voltage. The converter was connected to the grid model through a filter con-
sisting of a common mode choke and LCL-network. No Y-capacitors were used
in the filter as it significantly slowed down the simulations. The angle of the grid
voltages was obtained using an SRF-PLL. A PI-controller was implemented in the
rotating reference frame for current control. A switch was used to change from leak-
age current measurement to touch current measurement. A block diagram for the
complete three-phase model is shown in Figure 3.6.

OCV

Chassis

+

-
Parasitic

Capacitance

Leakage
Current

R0

R1 R2

C1 C2

L

Li-ion Cell

+

-

+

-

+

-

Figure 3.4: Recursive hierarchy of the CHB-converter model.

3.2.2 Single-Phase Model

In the single-phase model, the three CHB strings were connected in series, and the
current controller was implemented in the stationary reference frame with a PR
controller. An overview of the single-phase model is shown in Figure 3.7.

3.2.3 Simulations

The leakage current and touch current were simulated in the case of charging with
16 A per phase when connected to a European grid with a phase voltage of 230 V
(RMS), 50 Hz. Five different conditions were tested:

1. Single phase.

2. Balanced grid voltages.

3. Balanced grid voltages with zero-sequence injection.
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Figure 3.5: The mapping from the carriers to the CHB modules.
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Figure 3.6: Block diagram of the three-phase model.
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Figure 3.7: Block diagram of the single-phase model.

4. Flattened voltage peaks.

5. Voltage dip in one phase.

An FFT was performed on the leakage current and the common-mode voltage.

3.3 Short-Circuit Simulations

The three-phase model was also used for short-circuit simulations. Three different
types of short circuit were simulated at the converter terminals:

1. Line-to-line.

2. Line-to-chassis.

3. All converter modules bypassed.

The different short-circuit points are marked in the model block diagram in Figure
3.6. The resistance for each short circuit was set at 5 mΩ. Short circuits were ini-
tiated at the peak voltage across the short-circuited points. Since the short-circuit
current during a line-to-chassis short circuit flows through the protective earth con-
ductor, an RL-circuit with the same values as in the grid model was included for
this case (shown in Figure 3.6) to get a more accurate result. The impact of differ-
ent short-circuit power ratings and R/X-ratios was investigated. The short-circuit

33



3. Measurements & Simulations

power and R/X-ratio parameters were obtained from a range provided in [10] under
European Grid Equivalent Data. 2.34 was then used to calculate the let-through
energy for a 10 ms time period after the short circuit.

Figure 3.8: Simulink solver settings.
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4
Results

This chapter presents the results from the capacitance measurements, the leakage
and touch current simulations, and the short-circuit simulations.

4.1 Parasitic Capacitance Measurement

The graphs acquired from the voltage step test are shown in Figure 4.1. The para-
sitic capacitance was calculated using Equation 2.22, and the results are shown in
Table 4.1. Ctot is the measured total capacitance, and C is the normalized capaci-
tance distributed to each Li-ion cell pole. Because the metallic lid of the prototype
converter was disassembled prior to measurement, the capacitance might have been
lower than in a real application. To account for this, the highest measured per-pole
capacitance of 0.92 nF was doubled and rounded to 2 nF when implemented in the
model.
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Figure 4.1: Voltage step test for capacitance extraction.
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4. Results

Table 4.1: Capacitance measurement results.

Measurement Point R [MΩ] τ [ms] Ctot [nF] C [nF]
Phase to chassis with

only 1 string connected 1 66.4 66 0.92

Y-point to chassis with
all three strings connected 1.05 172 164 0.76

4.2 Leakage & Touch Current Simulations

The simulations took a long time to run and therefore only one period of data was
collected for each case. A distinct resonance was observed in the leakage current
around 4 kHz in all simulations. A representative waveform and its FFT are shown
in Figure 4.2. To improve clarity in subsequent plots, a notch filter was applied at
4 kHz to suppress this component and allow better analysis of other harmonics.

The following sections show the phase voltages, phase currents, and leakage current
during charging at a peak current of 16 A. For the three-phase simulations, the
common-mode voltage (the voltage between the Y-point and the chassis) is also
shown. An FFT of the leakage current and common-mode voltage is included for
each case to illustrate the frequency content. The leakage and touch current RMS
values for the different grid conditions are presented in Table 4.2.
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Figure 4.2: The unfiltered leakage current plot and corresponding FFT showing resonance at
around 4 kHz.
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4. Results

4.2.1 Single-Phase Charging
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Figure 4.3: Waveform plots from the single-phase charging simulation.
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4. Results

4.2.2 Three-Phase Charging Without Zero-sequence Injec-
tion

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

200

0

200

Ph
as

e 
Vo

lta
ge

s [
V]

Va
Vb
Vc

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

10

0

10

Ph
as

e 
Cu

rre
nt

 [A
]

Ia
Ib
Ic

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
100

50

0

50

100

Le
ak

ag
e 

Cu
rre

nt
 [m

A]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
time [ms]

10

0

10

Co
m

m
on

-m
od

e 
Vo

lta
ge

 [V
]

102 103 104 105

Frequency [Hz]

0

5

10

15

20

25

30

Le
ak

ag
e 

Cu
rre

nt
 A

m
pl

itu
de

 [m
A 

(R
M

S)
]

150 Hz

fsw

Leakage Current FFT

102 103 104 105

Frequency [Hz]

0

1

2

3

4

Co
m

m
on

 M
od

e 
Vo

lta
ge

 A
m

pl
itu

de
 [V

 (R
M

S)
]

150 Hz

fsw

CM-voltage FFT

Figure 4.4: Waveform plots from the three-phase charging simulation without ZSI.

38



4. Results

4.2.3 Three-Phase Charging With Zero-sequence Injection
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Figure 4.5: Waveform plots from the three-phase charging simulation with ZSI.
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4. Results

4.2.4 Three-Phase Charging With Flattened Voltage Peaks
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Figure 4.6: Waveform plots from the three-phase charging simulation with flattened voltage
peaks.
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4. Results

4.2.5 Three-Phase Charging With Voltage Dip in One Phase
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Figure 4.7: Waveform plots from the three-phase charging simulation with voltage dip in one
phase.

41



4. Results

Table 4.2: Leakage & touch current results.

Simulation Leakage Current
[mA RMS]

Touch Current
[mA RMS]†

Single-phase 28 11

Three-phase without ZSI 40 10

Three-phase with ZSI 75 17

Three-phase with flat curve 26 13

Three-phase with voltage dip 45 14
† Legally required to be below 3.5 mA RMS (PE-interruption fault).

4.3 Short-Circuit Simulations

The results of short-circuit simulations are presented in the following sections. These
results may be useful when selecting protective devices for a real CHB converter
application.

4.3.1 Line-to-Line Short Circuit

The phase currents during the line-to-line short-circuit event are shown in Figure
4.8. Two different short-circuit power ratings were used for the grid model, SSC =
10 MV A and SSC = 1 MV A. The corresponding let-through energy (I2t) for each
case is shown in Figure 4.9. This metric is relevant for assessing the thermal stress
on components during a short circuit.
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Figure 4.8: Line-to-line short-circuit simulation waveforms.
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Figure 4.9: Energy let-through for different grid parameters during a line-to-line short circuit.
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4.3.2 Line-to-Chassis Short Circuit

The phase currents during the line-to-chassis short-circuit event are shown in Figure
4.10. Two different short-circuit power ratings were used for the grid model, SSC =
10 MV A and SSC = 1 MV A. The corresponding let-through energy (I2t) for each
case is shown in Figure 4.11. This metric is relevant for assessing the thermal stress
on components during a short circuit
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Figure 4.10: Line-to-chassis short-circuit simulation waveforms.
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Figure 4.11: Energy let-through for different grid parameters during a line-to-chassis short
circuit.
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4.3.3 Bypass Short Circuit

The phase currents during the line-to-line short-circuit event are shown in Figure
4.12. Two different short-circuit power ratings were used for the grid model, SSC =
10 MV A and SSC = 1 MV A. The corresponding let-through energy (I2t) for each
case is shown in Figure 4.13. This metric is relevant for assessing the thermal stress
on components during a short circuit.
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Figure 4.12: Bypass short-circuit simulation waveforms.
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Figure 4.13: Energy let-through for different grid parameters during a bypass short circuit.
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5
Discussion

This chapter analyzes the key findings from the measurements and simulations pre-
sented in the previous chapter.

5.1 Resonance

The observed resonance at 4 kHz is due to interaction between the common-mode
choke and parasitic capacitance forming an LC circuit. This was verified by chang-
ing the values of the parasitic capacitance and the common-mode choke and ob-
serving that the resonant frequency was consistent with the LC-circuit equation
fres = 1

2π
√

LCMCprs.
, where LCM is the common-mode choke inductance, and Cprs. is

the total parasitic capacitance of the model. Because the protective earth conductor
was modeled without impedance, this resonance may be overestimated compared to
a real system with impedance that damps the resonance. Nevertheless, it high-
lights the importance of designing the EMI filter to avoid excitation near resonant
frequencies.

5.2 Leakage & Touch Current

The results in Table 4.2 show that the touch current is significantly higher than the
legal limit of 3.5 mA RMS in all cases. The FFT:s show that the leakage current
only consists of zero-sequence harmonics, namely multiples of the third harmonic of
the grid frequency (150 Hz, 300 Hz, 450 Hz, etc.). This is intuitive since the leakage
current must be caused by components in each phase that are constructively added.
With ZSI the controller injects a zero-sequence voltage at 150 Hz, which is visible
as a sinusoidal common-mode voltage measured at the Y-point of the converter.
This explains why the leakage current during this simulation had a frequency of
150 Hz. It also explains why the simulation with ZSI gave the highest leakage
current and touch current. What is interesting is that this 150 Hz leakage current
still exists in the simulation without ZSI (albeit smaller in magnitude) and in the
single-phase simulation, despite this frequency not being present in the grid voltages.
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5. Discussion

Since it does not originate from the grid in these simulations, the 150 Hz leakage
current must therefore be caused by an imbalance in the parasitic capacitance. With
flattened grid voltages, the leakage current had additional harmonics at 450 Hz, 750
Hz, and so on. The flattened voltages have a higher harmonic content because of
the distortion in the sharp corners where the peaks have been flattened, and this is
why there are more zero-sequence harmonics in the leakage current for this case. It
is interesting that despite the high harmonic content of the flattened voltage peaks,
the leakage current is lower than in the case of balanced grid voltages without ZSI.
This once again hints at some type of imbalance in the parasitic capacitance.

5.3 Leakage Current Mechanisms

The behavior of the leakage current can be explained by recognizing that the CHB
converter can be divided into different regions with uniform dv/dt. An example with
a 9-level CHB converter using level-shifted carrier modulation is shown in Figure
5.1, where these regions are highlighted for an arbitrarily chosen point in time.
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Figure 5.1: The different dv/dt-regions at a fixed point in time. The yellow regions show the
location of PWM-pulsing.
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The yellow regions show which half-bridge is actively switching with PWM. This
PWM-point separates each CHB string into two regions, one that spans from the
phase connection to the PWM-point (shown in green), and one that spans from the
PWM-point to the Y-point (shown in red). The dv/dt of the phase voltages with
respect to protective earth should be what causes leakage current to flow from the
green regions. The red regions are all connected to the Y-point, and should therefore
only contribute with leakage current if there is an imbalance from the grid or if the
controller uses ZSI. Since the boundaries of the different regions are defined by
the PWM-points, the parasitic capacitance is time dependent and nonlinear. This
means that the parasitic capacitance forms an unbalanced load, in which leakage
current will flow even if the grid voltages are balanced.

With the switching order used in the model, the parasitic capacitance of the green
regions, Cph,i, as well as the leakage current from each region, ileak−ph,i, can be
expressed as

Cph,i(t) = Ctot

3N

∣∣∣∣∣floor
(

vi(t)
Vbat

)∣∣∣∣∣ , (5.1)

ileak−ph,i(t) = Cph,i(t)
d

dt
vi(t) (5.2)

where i ∈ {a, b, c}, Ctot is the total parasitic capacitance of the converter, N is
the number of modules per phase, and Vbat is the voltage per module. The floor()-
function returns the largest integer that is less than or equal to the argument. An
illustration of how Cph,i(t) might change during operation is shown in Figure 5.2.
The total leakage current caused by the green regions can now be expressed as the
following sum

ileak−ph(t) =
∑

i∈{a,b,c}

Ctot

3N

∣∣∣∣∣floor
(

vi(t)
Vbat

)∣∣∣∣∣ d

dt
vi(t). (5.3)

The red region should experience the common mode voltage of the grid and the zero-
sequence injection from the converter. The parasitic capacitance and the leakage
current of this region can therefore be expressed as

CCM =
∑

i∈{a,b,c}

Ctot

3N

(
N −

∣∣∣∣∣floor
(

vi(t)
Vbat

)∣∣∣∣∣
)

(5.4)

ileak−CM(t) = CCM
d

dt
(vCM(t) − vZSI(t)) . (5.5)

The leakage of the entire converter should therefore be the sum of the leakage current
from these two regions:

ileak(t) = ileak−ph(t) + ileak−CM(t). (5.6)

The equations presented were used to analyze the leakage current for the simulated
cases, and a comparison is shown in Figure 5.3. The similarity is striking, and this
finding means that future simulations can be run in a few seconds compared to
the many hours that the current model needed. This also means that the leakage
current is mostly independent of the phase current.
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Figure 5.2: A visualization of the correlation between the PWM-regions and the effective
capacitance per converter phase.
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In a real application, the converter modules would need to be inserted according to
a priority list to account for differences in SoC, temperature, and other parameters.
Such parameters that the controller can observe can be used to form a state vector
for each battery, Bij, where i denotes the phase and j ∈ {1, 2, . . . , N}. The module
that is doing PWM in phase i can then be expressed as a function of the battery
states and the instantaneous phase voltage

si(t) = f(Bi1(t), Bi2(t), . . . , BiN(t), vi(t)), i ∈ {a, b, c} (5.7)

This can be used to change Equation 5.1 and 5.4 into the more general

Cph,i(t) = Ctot

3N

(
si(t) − q(t) · sign(vi(t)) + 1

2

)
(5.8)

CCM(t) =
∑

i∈{a,b,c}

Ctot

3N

(
N − si(t) + q(t) · sign(vi(t)) + 1

2

)
= (5.9)

= Ctot −
∑

i∈{a,b,c}
Cph,i(t) (5.10)

where q(t) is either -1 or 1 and corresponds to whatever bypassed state the module
with index si(t) is using. The two ways to bypass a module are shown in Figure
2.3, indexed with letters c and d. q(t) = −1 corresponds to c being used, and
q(t) = 1 corresponds to d being used. The reason this matters is that the bypass
state determines which of the half-bridges in a module is doing the switching.

The equations given here may provide further insight into how to develop a priori-
tization function that also minimizes the leakage current.

5.4 Maximum Parasitic Capacitance

An approximate maximum limit to the parasitic capacitance can be formulated using
the fact that the total impedance in the touch-current loop can be expressed as

Ztouch = 1
2πfCprs

+ Zbody (5.11)

where Cprs is the total parasitic capacitance of the converter, Zbody is the impedance
of the body model, and f is the frequency that will be set to the dominant leakage-
current harmonic of 150 Hz. Since the highest simulated touch current was 17 mA
RMS, and the legal limit is 3.5 mA, The minimum touch-current impedance should
be

Ztouch,lim = 17
3.5Ztouch (5.12)

which gives the following equation where a maximum limit for the parasitic capaci-
tance Cprs,lim has been introduced:

1
2πfCprs,lim

+ Zbody = 17
3.5

(
1

2πfCprs
+ Zbody

)
. (5.13)
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Figure 5.3: Comparison between simulations and calculations.

Solving for the maximum parasitic capacitance gives

Cprs,lim ≈ 120 nF. (5.14)

This maximum limit assumes level-shifted carrier modulation with the same module
mapping as in the simulations and is therefore not an exact number. A real appli-
cation with a changing priority list will create a different frequency profile of the
leakage current that goes against the assumption of the leakage current consisting
only of 150 Hz. This maximum limit should therefore be seen as a rough estimate.

5.5 Resistance Imbalance

Another phenomenon, which is probably of less importance, might arise due to the
difference in internal resistance of the modules as they are switching. A resistance
model of a module is shown in Figure 5.4. There are always two MOSFETs conduct-
ing at the same time, each contributing whith on-state resistance, RDS(on). When the
CHB connects the battery, the ESR of the battery, RESR, is added to the converter.
The internal time-averaged resistance of a converter string, RCHB, can therefore be
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expressed as a function of the reference voltage, Vref :

RCHB(t) = 2NRDS(on) + RESR

Vbat
|vref(t)|. (5.15)

Since vref(t) = V̂1 sin(ω1t), the second term is a resistance that varies proportionally
to | sin(ω1t)|. The voltage drop caused by this resistance can therefore be expressed
as a product of itself and the phase current, Î sin(ω1t):

vdrop(t) = RESR

Vbat
V̂1Î1 |sin(ω1t)| sin(ω1t). (5.16)

The leakage current caused by this voltage drop would be

ileak−R(t) = Ctot

3
d

dt
vdrop(t) (5.17)

Due to the absolute value in the expression for the voltage drop, the leakage current
caused by it should be unbalanced. Since the ESR of batteries can increase as
they age (sometimes 2-3 times higher than its initial ESR), this effect should be
considered during the design process. Even if the contribution is small, it might be
of interest for the development of battery condition monitoring.

Bypassed/
Connected

Figure 5.4: Resistance model of a CHB module.

5.6 Short Circuit

As expected, the simulated short circuits from Section 4.3 show a clear positive
correlation between the short-circuit power of the grid and the let-through energy.
However, it should be noted that the grid may have complex behavior that cannot
be properly described by the simplified RL network that was used for the grid model.
The highest short-circuit current was observed during the line-to-line short circuit.
This is not surprising, as the line-to-line short circuit experiences the highest voltage
drop. The most robust and safe design would therefore be achieved by dimensioning
the protective devices for this type of short circuit.

None of the short-circuit currents show a visible asymmetry, and there are no delayed
zero crossings, which means that the R/X-ratio is not small enough to cause prob-
lems for breakers. The impact of the R/X-ratio on the let-through energy is small
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during bypass short circuit, but appears to have an increasing impact as the short-
circuit power is reduced. The greatest impact of the R/X-ratio was observed in the
line-to-chassis short circuit, shown in Figure 4.10. The simulations also showed a
correlation between low short-circuit power and controller instability, as the phase
currents started showing signs of resonance.

5.7 Future Work

The validity of the analytical model presented in Section 5.3 should be compared
with real-life tests on a prototype. If valid, these equations enable fast estimation of
the leakage current based on switching states, which makes it possible to explore a
large number of control strategies without the need for time-consuming full-system
simulations. An interesting direction for future work would therefore be the applica-
tion of reinforcement learning to discover modulation and switching strategies that
minimize leakage current. An example of how reinforcement learning could be per-
formed is shown in Figure 5.5. In such an approach, the state space could be defined
by observable converter and battery parameters, such as SoC, temperature, module
availability, and instantaneous phase voltages. The action space would correspond
to valid switching sequences or module selection strategies for each phase. A reward
function can be designed to penalize high leakage current, possibly in combination
with other objectives such as thermal balancing, SoC equalization, or efficiency.
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Step 1: Train the policy network to
maximize the reward.

Step 2: Distill the network into a
well defined modulation method.

Figure 5.5: Reinforcement learning setup for minimizing leakage current. A neural network
takes the states of the CHB converter (switching states, battery parameters, grid voltage/current

etc.) and is trained to output the optimal action (modulation strategy).

Another line of research would be to investigate how the mapping of the CHB
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modules affects the leakage current. One way of conducting such an investigation
would be to use the analytical model with random mappings. This could then be
used to get a better estimate of the maximum parasitic capacitance of the converter.

This work has been limited to the Swedish earthing system, which uses TN-C-S.
Other earthing systems need to be explored to gain an understanding of possible
region-specific challenges. An interesting line of work would be to collect time series
voltage data for different power grids and run them through the analytical model.

The inconsistency in controller stability across the different grid parameters shows
the need for a controller that can adapt to different power grids. An interesting line
of study would therefore be to construct a more realistic grid model that can be
tuned many different types of grid scenarios, and try to optimize controller stability
and robustness.
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6
Conclusions

This thesis has explored leakage current, touch current, and short-circuit condi-
tions of a grid-connected CHB converter for battery charging. This was done by
modeling the converter with parasitic capacitance measured from a prototype con-
verter. The simulations revealed several interesting things, one of which being a
high-frequency resonance most likely caused by parasitic capacitance in the con-
verter and the common-mode inductor in the EMI-filter. This highlights the im-
portance of good EMI-filter design. The simulated leakage current as well as the
touch current were too high compared to electric vehicle standards, especially when
using ZSI. The parasitic capacitance must therefore be kept at a minimum in a real
design. An approximate maximum limit for the total parasitic capacitance of the
converter was calculated to be 120 nF. Equations describing the leakage current
were developed, which can be useful for developing a new modulation technique
for the CHB converter that minimizes the leakage current while maintaining even
charging of the cells. A powerful tool that could be used to find such a modulation
technique is reinforcement learning, which would be an interesting idea for future
research on the CHB converter. Simulations showed that the let-through energy
was the highest during a line-to-line short circuit, and that the short-circuit power
of the grid correlated positively with the short-circuit current. Changing the grid
parameters appeared to affect the stability of the controller, which highlights the
need for a controller that can adapt to different power grid scenarios.
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