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ABSTRACT

Nowadays, electric vehicles (EVs) in the market only travel a short distance and are usually charged
at home which can be the obstacle in the way of EVs development. As a result, fast charging that
can ensure long-distance drive with shorter charging time draws more and more attention.

In emerging fast-charging stations, DC fast chargers (DCFCs) are employed which rely on power
electronics and control to achieve the required performance. Harmonic current emission induced by
the complex system behavior is of great concern in the DC fast charger (DCFC) system. This thesis
proposes a harmonic emission model for the typical DCFC design, i.e., the two-level active front
end. The technique is based on the Fourier series method and the impedance model which is able
to reveal the harmonic current emission of DCFCs under different grid conditions. Time-domain
simulations and experiments are presented subsequently to validate the proposed model.

The analytical model can be implemented in cloud-based charging, which is a popular topic
right now because of the lower overall cost. Besides, cloud-based systems have a larger storage
capacity and are easier to maintain. Another reason for the appealing cloud-based charging is
that all of these Internet of things (IoT) devices are interconnected, and vehicle data are shared.
Therefore, an IoT based online harmonic emission estimation tool for DCFC is built based on the
aforementioned proposed model in this thesis.
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INTRODUCTION

1.1 BACKGROUND

With the roll-out of EVs, a massive installation of FCSs is expected [1]. However, same as wind
turbine inverters and photovoltaics (PV) inverters [2, 3], DCFCs installed in FCSs are essentially
power electronic based devices leading to power quality degradation because of their harmonic
current emission [4]. Thus, harmonic current emission modeling is essential which avails the
analysis of the root cause of DCFCs” harmonic emission and the design of DCFCs to prevent severe
harmonic issues.

Harmonic spectrum for the two-level converter has been discussed based on the double Fourier
series method in literature [5, 6, 7]. However, most of them focus only on high frequencies. The
low order harmonics are thought to be easily eliminated by current control [8]. Nevertheless, such
neglect of low order harmonics may be incorrect when the low order harmonics are amplified
because of the resonance in a charger-grid system. Hence, low-frequency harmonics modeling is
studied in this thesis.

Besides the harmonics calculation, cloud-based charging is a popular topic for now because
of the reduced overall cost. Moreover, cloud-based solutions own a bigger storage capacity and
are easier to maintain, i.e., it is simple to update the cloud system. Another reason that accounts
for the popularity of cloud-based charging is that all these IoT devices are interconnected, and
vehicle data are shared which can be used for optimization. Therefore, IoT based online harmonic
emission tool for DC fast chargers is another topic of this thesis.

1.2 RESEARCH OBJECTIVE

This thesis aims at building an IoT platform to achieve the harmonic emission estimation which can
facilitate the operation of DCFCs, as shown in Fig. 1.1. To be more specific, when the charge point
operators input the desired charging power on the IoT platform, the IoT platform will estimate the
harmonics based on the parameters of the EV charger and the charging power. If the calculated
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harmonics exceed the harmonics limit, the EV charger will not start to charge the Ev. If the
calculation result satisfies the harmonic requirement, the charger will be allowed to charge the
EV at that power level and the IoT platform will display the harmonic spectrums on the webpage
which is visible to the user.

Transmission Grid

/Fast Charging Station \

LV AC Bus

MYV Substation

DC Fast Charger

v v
- - MV/LV T T

Transformer
fﬁ MYV Distribution Grid

Charging Powero

IoT Platform Je—n—— User

a\ Harmonic Calculation /

Figure 1.1: The objective of this master thesis.

1.3 OVERVIEW OF THE INVESTIGATION APPROACH

Generally speaking, the main purpose of this thesis is to propose an online harmonic emission
estimation tool for DCFCs. To build the online IoT platform with the function of harmonic emission
estimation for DCFCs, the first step is to study the grid impact of EV fast charging stations.
Then previous work on input impedance modeling for the typical AC/DC converter of DCFCs is
understood. Thirdly, the current harmonic emission of the AC/DC converter of DCFCs needs to be
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modeled. Simulations and experiments will be conducted subsequently to verify the validity of
the proposed model. Fifthly, a backend tool in python for harmonic calculation is created based
on the previous analytical modeling. Finally, build an IoT platform for device-to-cloud messaging
based on the Microsoft Azure service and merge the backend tool into the IoT platform.

1.4 STRUCTURE OF THE WORK

The thesis consists of the following six parts:

1. Chapter 1 introduces the background, the research objective and the overview of the investi-
gation approach.

2. Chapter 2 elaborates on the impedance modeling of the DC fast charger system.
3. Chapter 3 presents the harmonic emission modeling of the DC fast chargers.

4. Chapter 4 conducts the time-domain simulations and experiments to validate the proposed
model.

5. Chapter 5 presents the IoT platform design.

6. Chapter 6 summarizes the work and draws conclusions based on the output results of every
stage. Besides, future work is given.






INPUT IMPEDANCE MODELING OF DC FAST CHARGERS

To estimate the harmonic emission induced by DCFCs, the impedance method is applied. In this
chapter, the detailed input impedance modeling of the AFE is given where the influences of the
SRF-PLL, the inner current control loop, the outer voltage control loop, and the DC-link voltage
fluctuation are thoroughly discussed.

2.1 ARCHITECTURE OF THE DC FAST CHARGERS SYSTEM

In general, the distribution network supplying the FCSs is medium voltage (MV). This voltage
is converted to low voltage (LV) by a MV/LV service transformer or a power electronics-based
solid-state transformer (SST). As shown in Fig. 2.1, the LV distribution network can be either AC or
DC depending on the structure [9]. FCSs with AC power distribution network is investigated in
this thesis because this structure is mature and also the mainstream solution for now.

In the FCss with AC distribution network, there are typically two power conversion stages in
the DCFC, one front-end AC/DC stage and one DC/DC stage. Between these two stages, large
DC-link capacitors are applied to stabilize the DC voltage. Therefore, the power quality impact
of DCFC is mainly determined by the AC/DC stage since the DC/DC stage is decoupled by the
DC-link capacitor. In one stage, there are several converters encompassed, thus all the following
analysis focuses on the AC/DC converter. For the AC/DC converter, the popular implementation
includes Vienna rectifier, two-level AFE, and multi-pulse rectifier [10]. One of the typical designs,
i.e., two-level AFE, which is considered in this thesis, is illustrated in Fig. 2.2.
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MV grid
MV/LV | | |
AC/DC AC/DC AC/DC
DC/DC DC/DC DC/DC
| |
RN GEND
Energy storage

(a) The structure of typical FCSs with AC distribution network.

MV grid ..
AC/DCH | | |
MV/LV ;
R DC/DC DC/DC DC/DC
can be replaced by SST I | I
GENR GEFDd
Energy storage

(b) The structure of typical FCSs with DC distribution network.

Figure 2.1: The structure of typical FCSs.

2.2 CONTROL OF ACTIVE FRONT-END INCLUDING PHASE-LOCKED LOOP

Of interest is the control system of the AFE shown in Fig. 2.2 because the input impedance of the
AFE needs to be modeled. The typical cascaded control scheme is applied for the AFE, in which
both the outer voltage control loop and the inner current control loop utilize the Proportional
Integral (PI) controller while the outer control loop is responsible for regulating the DC-link voltage
ug. to be a constant, and the inner control loop controls the AFE side current dynamics. For grid
synchronization, SRF-PLL is used.

2.2.1  Grid Synchronization

As the phase angle of the grid voltage is necessary when adopting the dg-frame transformation,
the grid synchronization is one of the critical parts of the grid-tied AFE control strategy. In this
thesis, SRF-PLL serves as the grid synchronization part which is implemented in the dg-frame.
There are three parts consisting of the SRF-PLL, as shown in Fig. 2.3, which includes phase
detector, low-pass filter, and voltage-controlled oscillator [11]. The phase detector intends to
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Figure 2.2: AFE of EV charger with the control block diagram.
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Phase detector Low pass filter
€p —» dq Koo ) qu
€. —jabc e; Kppu + == 5 >
/Y
COS
sin [~

Figure 2.3: Schematic of the SRF-PLL.

transform the three-phase grid voltage e,, e, and e. into the two-phase voltage e, and e; in dg-
frame based on Opr1. The PI controller works as the low-pass filter in SRF-PLL. The input of the
low-pass filter is the g-axis grid voltage e; which is suppressed to zero, so that the grid voltage
can be aligned with the d-axis, in other words, the power factor is 1. The output of the low-pass
filter is the angular frequency w; of the grid voltage. With the integrator in the voltage-controlled
oscillator, the angular frequency w; is converted to the phase angle 0py1. cosfp 1 and sinfpyy is
delivered to the phase detector for Park transformation.

2.2.2  Inner Current Control Loop

As mentioned before, the inner current control loop is employed in the grid-tied converter system
for AFE side current harmonics control. First, to understand the inner current control loop better,
the average model for the AFE is used.

ea = L% 4 Riy + Uy (d, — detitde)
ep = LU + Rip + Uye (dy — 2t
ec = L% + Ri + Uge(d, — Zttie)
Cout bUye = daiq + dyip + deic — i

(2.1)

where e,, e, and e are the input grid voltages, L is the input filter inductance, R is the input filter
resistance which is induced by the cable and connection, i,, iy, and i. are the AC phase currents,
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Uy, is the DC-link voltage, d,, d,, and d. are the phase leg average duty cycle [12], Coyt is the
output capacitance, and i, is the load current.

By adding perturbation to the steady state of the AFE, the small-signal model of the AFE in
dg-frame can be achieved,

&, = L% 4 Ri, — w)Lis + Dyitge + Uyed,

& = LU + Riy + wiLiy + Dgtige + Ugeds (2.2)

Cout kilge = 3(Dyiy + Lydy + Dsis + Ipds) — 11
where X represents the DC component, and ¥ denotes the perturbation. Assuming the AFE works
under stable power grid condition, disturbance from the grid voltage &, 5 can be ignored. Besides,
the DC-link voltage Uy, can be considered as a constant without perturbation because the response

speed of the inner current control loop is much higher than the outer control loop for DC-link
voltage. Based on the aforementioned assumptions, (2.2) can be simplified as,

dt 17(5 N w 0 17(5 L d~5

Coupling components can be observed in (2.3), e.g., the control of d; affects both 7, and 7, - To

R
udc_*

L| i

l} ] (2.3)

decouple the current control loop, modification to the output of the current controller is made,

dy = Gpi(iyref — Iy) — wiLis/Ug

7 . . . (2.4)
ds = GPI(Z(S,ref - 1(5) + wlLl'y/udc

where the first term of (2.4) is the original output of the PI current controller, and the second term
is the manually added compensation term. The modified output yields the simplified current
controller system as follows,

dli | __1]4
dt | iy | L| ds

The decoupling control block diagram in dg-frame is shown in Fig. 2.4. It can be observed that

Udc (25)

feed-forward decoupling loops are added to cancel out the coupling components in the current
controller.

By using the grid voltage orientation control, the feed-forward DC bias E4 equals the reference
peak value of the power grid phase voltage, Eq is zero because the reference reactive power
determined by the g-axis current is zero.
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The pulse-width modulation (PWM) delay is also one crucial part of the overall control block
diagram of the inner-loop current control. Since the delay caused by PWM converter is in the order
of hundreds of microseconds, the PWM delay can be approximated as a first-order inertia unit.
For digital control with symmetric sampling, Tqelay is 1.5Tsw considering the worst case, which
is comprised of the computational delay (one sampling period Tsy) and the modulation delay
(half sampling period 0.5Tsw). For asymmetric sampling, Tyelay €quals 0.75Tsy. With the PWM
transport delay, the overall block diagram of the inner current control loop is shown in Fig. 2.4.

Current controller PWM delay L filter

Z.'y,’r(ff

elfprrLL = G e (s + jwr)

(3'761’1"‘ g Gd(fl (<S + ]WI)

Figure 2.4: Overall control block diagram of the inner-loop current control.

where d,, s are the duty cycles in the converter frame, d;, are the duty cycles in the grid frame.
eq,4 are the actual grid voltage in dg-frame.

2.2.3  QOuter Voltage Control Loop

As previous stated, the outer voltage control loop aims at stabilizing the DC-link voltage Uyg.
Additionally, the output of the outer voltage control loop is the reference current in d-axis for the
inner current control loop i, .. The same as the inner current control loop, PI controller is applied
in the outer voltage control loop, as shown in Fig.2.5.

It is worth noting that the bandwidth of the outer voltage control loop is much lower than that
of the inner voltage control loop (around 1/50 and 1/10) [11]. It is because the inner loop and
the outer loop should be separated so that their controllers can be designed independently. With
the high response speed of the inner current control loop, the inner loop can be considered as a
constant for the outer loop.
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Ude,ref o4 K Z%r»ef
pu s

Udc
Figure 2.5: Block diagram of the outer voltage control loop.
2.3 MODELING OF THE INPUT IMPEDANCE OF THE AC/DC CONVERTER

One effective technique for the harmonic current emission analysis is the impedance based method
[13, 14, 15, 16]. The impedance model of the charger-grid system is depicted in Fig. 2.6. The DCFC

is modelled as a harmonic current source I. in parallel with the converter input impedance Z.

The grid is simplified as a background voltage source V; in series with the grid impedance Zg.

PCC
DCFC I Grid

Figure 2.6: Impedance model of a charger-grid system.

Based on the the model shown in Fig. 2.6, the harmonic current emission I in different grid
conditions can be expressed as (2.6). To obtain I, the input impedance of converter Z; need to be
modeled first. In this thesis, the analytical model of the input impedance Z. for the AFE shown
in Fig. 2.2 is studied. The influences of the phase-locked loop (PLL) dynamics, the inner current

11



12 INPUT IMPEDANCE MODELING OF DC FAST CHARGERS

control loop, the outer voltage control loop, and the fluctuation of DC-link voltage on the input
impedance modeling are taken into account.

_ Z(9)L(s) Ve(s)
Ie(s) - ZC(S) + Zg(s) N ZC(S)i' Zg(s)

(2.6)

Since the SRF-PLL, the current controller and the voltage controller are realized with the PI
controller in dg-frame, Clarke (abc to ap) and Park transformation (a8 to dg) are applied, so that
(2.1) can be transformed to the model under dg-frame,

e‘)t - LSi,x + RilX + udcdg‘
eg = Lsiﬁ + Riﬁ + Udcd,; (2.7)

eg = Lsig+ Riy — Lw1iq + Uy.dy
ey = Lsiy + Riy + Lwyig + Uged, (2.8)
Coutsudc = %(ddld + dqili) - iL

Based on (2.8) and the aforementioned analysis in section 2.2, the overall block diagram of
the AFE control system is illustrated in Fig. 2.7. The detailed description and the mathematical
expression of the symbols are listed in Table 2.1 where bold letters denotes matrix or vector.

Gel (s + jwr) and Y (s + jw;) are the transformation of Gy (s) and Y(s) respectively, which are
the transfer functions in a-frame. The detailed deviations are shown in (2.9) and (2.10),

e_Tdels O
Gaer(3) = ! 0 e~ Taes
Gl (s + jwr) = e 791 Gy (s) e/ (2.9)
Ls+R 0 !
Y(s) = s +
0 Ls+ R

Y(s+ jw;y) = e /9ty (s) e/t (2.10)
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where w is the grid fundamental angular frequency, e /' is the matrix equivalent form of the
Park transformation, e/“1! is the matrix equivalent form of the inverse Park transformation[17],

coswit  sinwqt

e Jwit — ) (2.11)
—sinwyt coswyt
, coswit —sinwit
plwit — . (2.12)
sinwjit coswqt
Table 2.1: Description and math expression of the symbols in Fig. 2.7.
Symbol Description Math expression
Ve ref DC-link voltage reference Ve ref
Ve DC-link voltage Ve
Cout output capacitance of the AC/DC capacitance Cout
i ref input current i,, . reference in dg-frame in the converter frame [ loref  lsref ]
iys input current i, 1, . in dg-frame in the converter frame [ iy 5]
idq input current in dg-frame in the grid frame [iq iq ]
dys duty cycle in dg-frame in the converter frame [ dy ds }T
daq duty cycle in dg-frame in the grid frame [ dqg dq }T
edq PCC voltage in dg-frame in the grid frame [ ea eq }T
1
JwiL current decoupling component of the current controller { wO L _u(;lL }
1
T
Gy (s) transfer function of the voltage controller in dg-frame [ kpu + k% 0 }
k kis
G;(s) transfer function of the current controller in dg-frame P! 3— s . ?F ke
PiT s
) . S cos (w1 Tyer)e s sin (wy Typp)e™ TS
G e (s + jwr) transfer function of the control delay in dg-frame { — sin (w0 Ty )e~ 105 cos (coq T e~ TS
. . e Ls+R —wL |
Y(s+ jwr) transfer function of power filter in dg-frame { oL Ls+R }

Vd(:, ref
>

Gael(s + jwr) X Y (s+ jwr)
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Figure 2.7: Block diagram of the control system shown in Fig. 2.2.
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As previously stated, the impedance model is established as a small signal model which means
that the DCFC works at the steady state with small perturbation. It is necessary to convert the
control diagram in Fig. 2.7 into the linearized small signal model.

First, the expression of the detected phase variation Af provided by the SRF-PLL is derived [16].
Fig. 2.3 depicts the SRF-PLL block of the AFE control system. This SRF-PLL block diagram is in
dg-frame where the g-axis voltage ¢; is used for phase tracking [18].

To establish the small-signal model of SRF-PLL, a small perturbation &, is applied on the point of
common coupling (PCC) voltage. The corresponding PCC voltage in the a-frame can be obtained
using (2.12),

enp = (€qq + 5dq)€jw1t (2.13)

where ¢4, = e14 + jO is the corresponding complex space vector of the PCC voltage in steady state.
The output of the SRF-PLL that corresponds to the aforementioned voltage perturbation is 6pyp,
which can be written as,

Oprr = wit + A6 (2.14)

According to (2.13) and (2.14), the PCC voltage in the dg-frame ey, can be given as,

~ (
= (e1q + 24 + &) ((1 — jAD))

= (e1q + &1+ ;A0) + j(&; — AbBeqy + ABEy)

(e1q + &) +j(8; — Abery) (2.15)
= e+ jeg (2.16)

%

The simplification in (2.21) neglects the product of two small signal. Therefore, the g-axis voltage
is,

eg = &5 — Abeyy (2.17)
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Since A is regulated by the PI controller of the SRF-PLL, it can be expressed as,

K + KipLL
m%e (2.18)

AB =
Replacing e; with (2.17) in (2.18), the small-signal transfer function of SRF-PLL can be expressed
as,

KipLL
Kpprr + =%

5+ (KpPLL + KiPLL)eld

S

Tprr(s) = (2.19)

VI

c Kipu
€q > Kppll 4 2 AB

S

€1d

Figure 2.8: Block diagram of the SRF-PLL small-signal model.

Besides the SRF-PLL, the transform matrix e 749 of the small-signal model can also be linearized

as (2.20),

o iB0 _ [ cos (Af)  sin (Af) ]
sin (—Af) cos (A0)

1 A6
—-A6 1

where I = 10 = 0 -1 .
01 1 0

Next is to linearize the product of e/2? and dys,

=1—-]JA0 (2.20)

: D d,
dyse™ = (I+Ja0)(| |+ | ")
D¢, deg
Dy D deq
+7 A+ | = (2.21)
Dq D¢y deg

15
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where [ Doz ] denotes the duty cycle in steady state, [ Zfd ] represents the small signal duty
cq cq

cycle. (2.21) neglects the product of two small signal, i.e., | [ Zfd

cq
component of d.;e/*? is given as (2.21) minus the duty cycle of steady state,

Af8. Therefore, the small signal

Dcd

d~ gejAe =]
Y ch

AB +

dfd ] (2.22)
dy

Based on the previous analysis, the block diagram of the linearized small signal model can be
obtained. as shown in Fig. 2.9. In this linearized small signal control diagram, symbols using
capital represents the steady state value, whereas the symbols with tilde denote the small signal
value.

I,
:’316,7‘ef ;dq
Gy(s) —— Gel(s) Y (s)
i
Tpll “5(1 qu

Figure 2.9: Block diagram of the linearized small signal model of the system shown in Fig. 2.2.

edq edq

fGe2i(5)<_ - GdZdC(S)Gg;'v(S)

0dc,7"ef =0
— Gy (s) >X)>Gior(s)

’qu

A 4

Gi2dc(8)

1 _
70 MGazac(s) G (5) Zoa(s)

Figure 2.10: Simplified block diagram of the linearized small signal model of AFE.
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To get the input impedance of AFE, the linearized small signal model in Fig. 2.9 is simplified,
as shown in Fig. 2.10. Detailed expressions of the simplified transfer functions are expressed as

follows,
3 1
Gd de\S) = < IT
2 c( ) ZCoutS‘f’é dq
3 1
G; dc\S = r
2 C( ) 2 Couts + i “
1
Gao(s) = Uy + = T
d2v( ) dc 2Cout5 % dq dq
3 1
Z,4 =y1 + = d DT

1 __
H(s) = mzvledZdeel
Cc

Hg(s) = (I - HJwiL)'H

Gio1(s) = HgeGi

THir =10 Tpri]

Yprr = J1agTHi 1

Hppp = ]D'y(FTII?VI{L

Ge2i(s) = (UscG, Gy + (Gi — Jan L) Yprr, — Uy Hprr) G (2.23)

Since the desired result is the input impedance of AFE, the input of the control diagram needs to
be shifted to the small signal grid voltage ej,, and the output is the small signal AC phase current
igy. The final transformed simplified block diagram of the linearized small signal model of AFE is
illustrated in Fig. 2.11. The input impedance of the AFE Z4rg(s) in DCFC system can be derived as,

(Gezi — GoGa2acGpo ) (I + Gio1) ' Gior
I— Gv Gich,tot(I + Gi,ol)_lGi,ol
Zare(s) = Y;;E(s) (2.24)

Yare(s) =

-1
where Gizdctot(5> = Gizdc - GdchGdszvd-

Yet, aforementioned derivation of Zarg(s) is established in the rotating dg-frame without
physical meaning. It fails to estimate the actual harmonic current emission of DCFC, which is
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€dq Ge2i(s) > (I + Gio1(5)) ' Gior(s)

—_—— e e —

Figure 2.11: Transformed simplified block diagram of the linearized small signal model of AFE.

induced by the grid harmonic voltage. Hence, Zarg(s) should be transformed to ap-frame. First,
Z are(s) in the dg-frame is expressed as,

edq(s) = ZAFE(S)idq(S) s [ ed ] = (225)

€q

Z4a(s)  Zag(s) ] [ ig ]

The complex equivalent of (2.25) involving two complex transfer functions can be derived as [19],
ag = Z+,dq (S)idq + Z—,dq(s)i;q (2.26)

where Z 4,(s) and Z_ 4,(s) are the complex equivalent of Zarg(s), i} 4 is the complex conjugate of
i,

The expressions of Z 4,(s) and Z_ 4,(s) are expressed as (2.27).

_ de(s) + qu(s) .qu(s) B qu(s)

Z+,dl7(s) - 2 +] 2
1) = ) Tl) | 2 2 .

It should be noted that (2.26) only models the system in the positive sequence. To obtain the
impedance model in the stationary af-frame, DCFC system in the negative domain cannot be
neglected, i.e., sequence-domain impedance model [20]. The double frequency model is given by,

[ edy ] | Zhag(s) Zaq(s) ] [ ldq ]
ej;q

. . . (2.28)
Z* 40(s) Z3 4(s) i




2.4 SUMMARY

where ¢}, is the PCC voltage in the negative sequence domain, Zi/dq(s) and Z*_,dq(s) are the

complex conjugates of Z_ 4,(s) and Z_ 4,(s) respectively.
Using (2.11) and (2.28), the sequence-domain impedance model can be obtained as follows.

e TN e () = Z aq(s)e M ing + Z_ gy(s)e iz
— eqp(s) = ej“’ltZ+,dq(s)e_jw1tia5 + efwltZ_,dq(s)ejwlti;B

=Z4 4q(s — jwr)ing + Z_ 45(5 — jwl)er“’ltiZﬁ (2.29)

e ers(5) = 27 gy(s)e T ing + 27 gy ()R i
— ezj“’lte;ﬁ(s) = ejwlth,dq(s)e_jwltiaﬁ + ejwltzi,dq(s)ejwltizﬁ

= 77 45 = jwr)ing + 27 gq(s — jewr )iz (2.30)

Combining (2.29) and (2.30), the sequence-domain impedance is expressed as,
ea/g _
e2iwit e:cﬁ

where Z4rg.p(s) is the input impedance of the DCFC system in the sequence domain, iyp is the

(2.31)

Z+,dq(5 - jwl) Zf,dq(S — jCU1) 'i,xﬁ
Z* go(s —jwr)  Z3 4 (s —jwr) ezf‘*’lti;}3

Z ArEnp(s)

complex conjugate of i,p in af-frame. Observing from (2.31), it can be discovered that a given PCC
voltage harmonic with frequency f}, can yield current harmonics with two frequencies, one is f,,
the other is the frequency coupling component 2f; — f.

2.4 SUMMARY

In chapter 2, the architecture of the DCFC system is introduced first. The DCFC with AC distribution
network is chosen for investigation in this thesis. Between the AC/DC stage and DC/DC stage of
the DCFC, larger DC-link capacitors are employed which serves as a buffer. Hence, only harmonics
induced by the AC/DC stage are considered. After that, the modeling of the input impedance of
the AC/DC converter is elaborated in detail: first, the design of the AC/DC converter is decided,
which is the two-level AFE with PI controller and L filter. Then the control diagram of AFE is
transformed to the linearized small signal model since the impedance model is established on
DCFC’s steady state with small perturbation. Finally, the linearized small signal model is simplified
to get the input impedance. The input of the final control diagram is the PCC voltage perturbation
and the output is the corresponding AC phase current.
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HARMONIC EMISSION MODELING OF DC FAST CHARGERS

Efforts have been devoted to the calculation of harmonic components around the carrier and
carrier-sideband frequency based on the double Fourier series method. However, low frequencies
below 5kHz are the most damaging frequencies to power devices and grid [21]. Till now, there is
no in-depth study focusing on these low-frequency harmonics. In this chapter, harmonic current
source modeling within the low-frequency range for the DCFC is introduced.

3.1 BRIEF INTRODUCTION OF THE DOUBLE FOURIER SERIES METHOD FOR HARMONIC
ANALYSIS

To understand the general idea behind the harmonic analysis, previous work on DC-link current
harmonics of the AFE is studied first [5]. In this analysis, the double Fourier series method is
applied. First, AC phase currents i,}, . in Fig. 2.2 are assumed to be ideal sinusoidal waveforms,
which are expressed as follows,

ip = Ly cos|wy (t — to) + @]
i, = Ly cos|wi (t — to) — = + ¢] (3.1)
ic = Ly cos[wy (t — tg) + &= + ¢]

where I, is the amplitude of the AC phase currents, w, is fundamental angular frequency, ty is

the initial time, and ¢ is the power factor angle of the grid side. References of the modulation (i.e.
Refa, Refy, and Ref.) are given as,

Ref, = Mcos[wy (t —to)] + M3
Ref, = Mcos|wy (t — to) — =] + M3 (3-2)
Ref. = Mcos|w (t — tg) + ] + M3

21
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where M is the modulation index, M; is the third-harmonic injection. Based on the cross-points
of the modulation waveforms and the triangular carrier waveforms, the load current i;, can be
divided into six segments within one fundamental period. In each segment, i}, comprises two AC
phase currents, one is the corresponding phase current of the top modulation waveform, the other
is the negative corresponding phase current of the bottom modulation waveform. For illustration,
ir, equals i, plus —i,, when Ref, is the top reference and Refy, is the bottom reference.

To obtain current harmonics of the DC load current iy, double Fourier series method is applied

[22],

i =Ip+ Y I cos [nw (t — to) + 0]

n=1

+ i i Ly cos ([mws + nwy) (t — tg) + O] (3-3)
m=1n=—o0

where I is the DC component, I, is the amplitude of the fundamental and baseband harmonics
(i.e. ny, harmonics), 6, is the initial phase of the ny, harmonics, Imn and Omn are the amplitude
and the initial phase of the carrier and carrier-sideband harmonics respectively, i.e., (m +n- &)
harmonics, w, is the angular frequency of the triangular carrier.

Based on (3.3), the carrier and carrier-sideband frequency harmonics can be calculated as,

Ip :3“’1/““‘2' :
2mn 27T to

B 3wy 1 N-1 /toz+kT5+jNTs+to+/t06+kTs+jNTs+t0
t t

2 )l

T 20 k=0
tog+kTs+jNTs+to tos+kTs+jNTs+tg
£ t

)il X imndf

01 +kTs+jNTs+to 05+kTs+jNTs+t0

)ia X iyndt] (3-4)

02+kTs+jNTs+tg 04+kTs+jNTs+to

3wy
2’

within one fundamental period of iL. iyy = Iy cos[(mw. + nwy)(t — to) + Omn), k means that (3.4)

where the fundamental period of the DC load current i, is so that there are two segments

We
60.]1 4

during different time periods, t,; — fos are the switching time instants, j represents two segments

is in (k + 1)y, switching period, N = i1 and i are the amplitudes of the DC load current

respectively.

As illustrated in Fig. 3.1,

j=0, , , (3-5)
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j = 1’ (3‘6)
iz - ia + ib - _ic

Since the switching frequency is much higher than the fundamental frequency, i; and i, are
assumed to be constant during one switching period. Therefore, (3.7) and (3.8) can be obtained by
substituting (3.1) to (3.5) and (3.6).

) i1 = Lycos(wikTsw + ¢)
=0, 9. . (3-7)
1 = —Im COS(wlkTsw + 3 + 47)

h =1, COS(wlkTSW — 277{ + % + 47)

=L 9. e (3-8)

ip = —Iycos(wikTsw + 5 + 5 +¢)
To get to; — tos, pulse width Tp, and Tp, need to be solved first, which can be derived as,

Tp, = Refa—Refy T,

]=0, RgbeRefC T2 (3.9
T, = 2 2
TPl _ Refb;Refg %

=1, - (3.10)
Tpy = Ref, - Refe %

where the first 2 represents the peak-to-peak value of the carrier. It should be noted that there
is a 5 phase shift of the three-phase modulation waveforms between j = 0 and j = 1, e.g,,
Ref, = Mcos|wi(kTsw — tg)] + M3 when j = 0, Ref, = Mcos[wy(kTsw — to) + 5] + M3 when
i = 1. As illustrated in Fig. 3.1, the relationship between the pulse width and switching instants is
expressed as,

Too = Tsw —2(Tp1 + Tp2)

tn =10

te  =to1+ Tp1

ts = tox+ Tp2 (3.11)
toa = tos+ %

tos  =toa+ Ip2
toe = tos +1Ip1

23
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Given (3.9), (3.10) and (3.11), detailed expressions of t,; and t,, can be derived as,

. tn = LTow — M cos(kwlTsw - E)Tsw
J=Y

1 ty = %Tsw - M COS(k‘UlTSW — &) Tsw
J=4

Substituting (3.12), (3.13), (3.7), and (3.8) into (3.4), Imn can be derived as,

wy 3 N-1

T mw, + nws =0

[Im COS(kwlTSW + (P) X A(t)( |t02 + |t06)

to1 to5

Imn =

2
~ Incos(kanTow + = +9) x AM(|[% + I12)

7T
+ I cos(kanTsw — 3 + @) x A(E) (| toz "+ ’t%)

— Ly cos(kawr Tsw + 7T+ ¢) x A(t)(] tos T |t05)]

(3.12)

(3-13)

(3.14)
(3.15)
(3.16)
(3.17)

(3.18)

where A(t) = sin[(mw. + nwq )t + nwi(k + jN)Tsw + Opy]. After the approximation and simplifi-
Im

cation [5], Imn can be gained as,

if m is odd, n=3z, and z is odd,

wp 12 N=1 T
ILyy=———"7-— I kewTs + —
T mw, + nwg ,;0[’”“’5( “1 S~|-3+(P)><

(sin(mewctep) — sin(mew,tor)) cos(nwrkTsw + Opn)]

if m is even, n=3z, and z is even

w 12 Nt T

i t
T mwe + nwo (= 3 + 4)) x sin(mweto)

— /31, cos (kawq Ty — % + ¢) sin(mewctg)) cos(nwikTsw + Omn )]

(3.19)

(3.20)
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In other cases, Imn = 0. Then, the magnitude of the DC-link current harmonics of carrier and
carrier-sideband can be expressed as,

|Imn| = \/I%m(emn = 0) + I%m(emn = ) (3.21)

SIS

The aforementioned analysis yields detailed calculations of harmonics in DC load current i1, with
the frequency of carrier and carrier-sideband based on the assumption that AC phase currents are
ideal sinusoidal waveforms without harmonics. However, this assumption does not hold because
harmonics can be observed under ideal grid voltage conditions. Additionally, harmonics of the
fundamental and baseband cannot be neglected while analyzing the grid impact of DCFC. Besides,
influence of the control system on harmonics needs to be taken into account. Consequently,
modeling of the AC phase current harmonics mainly focusing on the low-frequency components
is elaborated in section 3.2.

A
Refa N
Carrier AN
Tt
Refb
Refc
T:VV
A Tp1 T
o [ i
... ot
tor
to

Figure 3.1: DC-link current i} waveform during one switching period.

25



26

HARMONIC EMISSION MODELING OF DC FAST CHARGERS

3.2 MODELING OF THE HARMONIC CURRENT SOURCE

With the modeling of the AFE input impedance Z, the current harmonic emission induced by the
grid harmonic voltage can be estimated. However, when the grid voltages are ideal sinusoidal
waveforms without harmonics, there are still current harmonics that exist in the input AC phase
current of AFE due to the harmonic current source I.. This harmonic current source is determined
by the topology, the modulation method, the power filter, the switching frequency, the dead time,
and also the DC-link voltage ripple.

As illustrated in Fig. 2.2, i,, i, and i. are the AC phase currents, V,, Vi, and Vi are the switch
node voltages which are determined by the state of switches. To analyze the low frequency current
harmonics drawn by the AFE, it is essential to first acquire the expression of the switch node
voltage which is used to obtain the Fourier series of the switch node voltage. Then the hy, current
harmonics can be derived from the hy, components of the switch node voltage.

3.2.1  Modeling of the Switch Node Voltage
As shown in Fig. 3.2, the switch node voltage of phase A can be expressed as (3.22),

u te O/tltlt /"'/tlT

0 te (t1/t2>/ <t3/ t4)/ Tty (tN*].I tN)

Grounded on the principle of asymmetrical sampled modulation technique (shown in Fig. 3.2),
the switching time instant can be established as follows [23]. First, the wave angle yy of the
modulation waveform sampling time instant can be represented as,

w1

we=_rmk=1) k=123 N (323)

where w; is fundamental angular frequency, w, is angular frequency of triangular carrier, and

N = Zw“i <. It should be noted that yy is in reference to angle of the modulation waveform. Based on

(3.23), the switching angle x; can be derived as,

X = X1 + Xs + Ax

= §+(k—1)7t+(—1)(k+1)-g-Msinyk (3.24)
where M is the modulation index. The first part xt of (3.24) represents the correction of xy start
point. The second part xs of (3.24) is the wave angle of the modulation waveform sampling time
which is in reference to the angle of the carrier. The third part Ax of (3.24) means the angle
difference due to the intersection-point of the carrier and modulation waveforms.
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Carrier
T t
Modulation signal
VSLL
Use {ARAOOAAAOACOAT AR T nr
0 T
Bz t
tl '7 //,,/"
t2 /’
tr

Figure 3.2: The Principle of regular-sampled PWM technique (asymmetrically sampling).

Carrier Modulation signal

251 15.2 27

Figure 3.3: Part of the modulation and carrier waveforms.
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T

According to (3.24), when k = 1, x;, = 7 which agrees with Fig. 3.3. When k = 2, x, =
T4+ (—1)2+D. 7 - Msiny;, which is also in accordance with Fig. 3.3. This confirms the
correctness of the proposed equation.

In the next step, dead time effect on xy is taken into consideration. The effect of the dead time
tq on the switch node voltages is demonstrated in Fig. 3.4, where the switching delay of the power
switching devices is ignored [24].

It should be noted that the dead time effect on the switch node voltage (e.g. Vsa) depends on the
polarity of the phase current (e.g., i,). This yields the modified switching angle x| as,

1 —sign(i)(—1)k
2

Xp = X+ ~weTy (3.25)
where sign (i) = 1 if phase current i,},. > 0, sign(i) = —1 if phase current i, < 0, and Ty is the
dead time period.

Apart from the previous analysis, the impact of actual waveforms of phase current (e.g. 7,)
needs to be taken into account. As shown in Fig. 3.5, the phase current i, jumps between positive
and negative in the initial phase of the modulation signal. On the one hand, i, < 0 during the
tirst dead time period, which results in the switch node voltage Vs, being negative. On the other
hand, i, > 0 during the second dead time period, which leads to a positive switch node voltage.
Therefore, the actual switch node voltage around the starting point of the modulation signal is
not affected by the dead time. This phenomenon also applies to switch node voltages in the final
phase of the modulation signal.

To obtain the time period without dead time effects, the average model for the two-level AFE is
used (expressed in 2.1). The accurate phase current ripple shown in Fig. 3.5 can be obtained using
(3.25). Therefore, the basic idea of time period T,q without dead time effects calculation can be
expressed as,

Iaverage(a,b,c)(Tn ) - Alripple(a,b,c)(Tnd) =0 (3-26)

where Lyerage(ab,c) 18 the phase current calculated by the average model in (2.1), and AlLjpple(ab,e)
denotes the current ripple derived from the expression of V1. and e,} .. Consequently, the
switching time instant #; within one fundamental period T can be finally obtained by the (3.27)
and (3.28),

xp t € (to, to+ Tuar)
X = xp t€ (to+ Tuar, T — Thaz) (3-27)
Xk te (T - Tnd2/ T)
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Carrier . .
Modulation Signal
\/ >t
Tsw
Ideal Vo A
>t
Actual gate signals A
Sq 2] tq
S2
>t
Actual Vg A
iq >0
>t

Actual V,, A
1e <0

\/
~

Figure 3.4: Switch node voltage of Leg-A considering the dead time effect.
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where T, 4, is the first time period without dead time effects, and T, 4, is the second time period
without dead time effects.

te = p x Tq (328)

where Tj is the time period of the fundamental waveform.

According to (3.22) and (3.28), coefficient a}, of Fourier series can be gained,

2 to+T 27T
ah — ? b ‘/sg(t) COS(T : ht)dt
_ Uae o 27 (k+1)
= ,mkzzlsm( 7 k) - (1) (3-29)

Coefficient by, of Fourier series can be calculated in the same way,

2 to+T ) 27T
bh — T " ‘/Sll(t) Sln(T : ht)dt
_ Uge g 21 K
= o L cos( k) (<1 (330)

Based on (3.29) and (3.30), the hy, component of the switch node voltage (i.e., Vsan), Vibn), and
Visc(h)) can be obtained.

3.2.2  Modeling of the Current Harmonics

To calculate current harmonics, the per-phase voltage needs to be determined first. The potentials
of switching nodes Vsan), Vsbn), and Vi) derived in Section 3.2.1 are in reference the same node
as node O in Fig. 2.2. The phase currents in the equivalent circuit (shown in Fig. 3.6) can be
written as, using Kirchhoffs Voltage Law.

diy, .

Vo= Vi) = L= + Rigqr)
diy, ,

Vo — Vipay = L2 + Riy (3.31)
di, .

Vo= Vi) = L3 + Ricgyy

Similarly, it can be discovered using Kirchhoff’s Current Law that,

La(ny + ip(n) ey = 0 (332)
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_ Carrier

Modulation signal

>

t
Actual 7, 4
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Actual gate signals A s :
S1 g g
SH |
>t
Actual Vi, 4
t

Figure 3.5: Actual waveforms of phase current i,, switching node voltage Vs, at the start point of one

switching period.
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The following expression for V, can be obtained by substituting (3.31) to (3.32),

Veatwy + Vabny + Vsen
v, = =0 = (3.33)

Substituting (3.33) to (3.31),

di, ,
Ld?+RWm:%_%M)
~ Vaam) + Vo) + Ve v
- 3 — Vsa(h)
Ve + Veetn) = 2Vsaqn)
= 3 (3-34)
a L R g Visa(h)
I N\,
b L R Lp(h) Visb(h)
@) L /\/
c L R ety ~Vsetn)
- :|_>_®

Figure 3.6: Equivalent circuit of the AFE.

Hence, the current harmonic of order / in frequency domain can be derived as,

. (Vaon) + Veetn) — 2Veamny)
la(h) = 3<R+]h(dL) (335)

where R is the resistance of the input filter, L is the inductance of the input filter, and / is the
harmonic order. It is important to note that the grid voltages (i.e., €5, ey, and e.) are assumed to be
perfect sinusoidal waveforms with no bearing on the harmonics calculation.

In the previous calculation, only the modulation method and the dead time effects are taken into
account. Regarding the high-frequency current harmonics exceeding the controller bandwidth,
control system effects can be ignored. However, this doesn’t apply to the low-frequency current
harmonics. To determine the low-frequency current harmonics influenced by the control system
and the DC-link voltage fluctuations, the open-loop current harmonics need to be integrated into
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3.2 MODELING OF THE HARMONIC CURRENT SOURCE

the control block diagram to obtain the accurate values of the low-frequency harmonics in the AC
phase currents i,y, .

As shown in Fig. 3.7, a new branch for the open-loop current harmonics (zypr) is added to
linearized small signal model in Fig. 2.9. To obtain the closed-loop current harmonics, the grid
voltage perturbation &4, is ignored. As illustrated in Fig. 3.8, the transfer blocks in green dashed
boxes can be omitted.

Y (s) gdq4§9L:; DT,

Gei(s)

33

Dy,

Tp” [e—C€q

Figure 3.7: Block diagram of the linearized small signal model of AFE control system considering the
open-loop current harmonics.
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Figure 3.8: Simplified block diagram of the linearized small signal model of AFE control system considering
the open-loop current harmonics.

The final simplified block diagram of the control system for closed-loop input current harmonics
calculation is illustrated in Fig. 3.9, where the input iquT is i) in (3.35), qutot is the DCFC
harmonic current source I, Gy(s) is the transfer function of the voltage controller, Gi,gctor and
(I + Go1) Gy are the simplified blocks of the control diagram in Fig. 3.7 (expressed in (3.36)

(3-37))-
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Figure 3.9: Final simplified block diagram for current harmonic source I.

Nevertheless, the frequency coupling effect cannot be ignored. As illustrated in (2.24), an
open-loop current harmonic with frequency wy, yields current harmonics with two frequencies,
one is wy, the other one is 2w; — wy, which is resulted from frequency coupling effect. For instance,
suppose the open-loop 54, (frequency -5w;) current harmonic exists. It should first be translated
into dg-frame before being included into the control diagram. The dgq transformation implies
translating the frequency spectrum from w to w — w; [17]. Hence, the frequency spectrum of the
5t negative sequence harmonic becomes —5w; — w; = —6w; in the dg-frame. Via Giygctot, Tdc
induced by iquT can be acquired. This complex transfer matrix results in a double-frequency
U4c which is composed of positive (+6w;) and negative sequence (—6w;) components. These two
components yields the closed-loop current harmonics with frequency +7w; and —5w; respectively.
For the same reason, an open-loop current harmonic with frequency +7w; will result in two
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closed-loop current harmonics, +7w; and —5w;. Therefore, both 54, open-loop current harmonic
and 7y, open-loop current harmonic produce the 5y, closed-loop current harmonic.

3.3 SUMMARY

Chapter 3 first introduces the prior work on harmonic emission modeling using the Double
Fourier Series Method, which mainly focuses on the harmonic components around the carrier
and carrier-sideband frequency. Then, to model the low-frequency harmonic current source of
AFE I, the switching node voltage is computed first, and open-loop current harmonics can be
estimated using the Fourier series of the switching node voltage. Finally, the AFE control diagram
is combined with the open-loop current harmonic to obtain the I. while the frequency coupling
effect is taken into account.
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SIMULATION AND EXPERIMENT

To verify the correctness of the proposed model in Chapter 2 and Chapter 3, case studies in both
simulation and experiment are elaborated in this chapter.

4.1 SIMULATION VALIDATION

To start with, time-domain simulations are conducted in PLECS Standalone. The AFE system in
PLECS is shown in Fig. 4.1. The control system parameters and the electrical parameters chosen
for the PLECS simulation are illustrated in Tables 4.1 and 4.2.

Based on the analytical solution achieved in Chapter 3, the calculation is carried out in Python
to obtain the theoretical harmonic spectrums of AC phase current. Low frequency harmonics with
order 5y, 71, 114, and 13y, are selected for comparison between simulation and analytical model
since they are the most damaging frequency components to power devices and grid [21].

An AC power system with a low SCR is characterized as a weak grid. Conversely, a high
SCR results in a strong grid. In order to compare the simulation with the analytical model
under different grid conditions, case studies with two different SCR are conducted in the PLECS
simulation: one is SCR=5, the other is SCR=30. The results are shown in Fig. 4.2 and Fig. 4.3
respectively. It was found that the results achieved with the proposed analytical model are
matching the results achieved by the PLECS simulation well.
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Figure 4.1: AFE with the control system in PLECS standalone.

Table 4.1: Circuit Parameters of the AFE in Fig. 2.2.

Parameters Value

Grid line-to-neutral peak voltage Eg/V 2302

Grid fundamental frequency f;/Hz 50
Input filter inductance L/pH 250
Input filter resistance R/m() 20

DC-link voltage Ug./V 8oo
Output capacitor Vout/pF 1500
AFE switching frequency fsw/kHz 40
AFE control sampling frequency fs/kHz 8o
AFE dead time Ty/ps 1
Reference modulation index M 0.40577494
Output power Poyui/kW 30

Table 4.2: Controller Parameters of the AFE in Fig. 2.2.

Parameters Value
Proportional gain of current controller Ky, 1.256637
Integral gain of current controller Kj; 100.530965
Proportional gain of voltage controller Kpy 6.148755
Integral gain of current controller Kj, 254.664516
Proportional gain of SRF-PLL K11 0.57950647

Integral gain of SRF-PLL Kjp) 109.23439616
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Figure 4.2: The harmonic spectrum of input phase current (SCR=5).
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Figure 4.3: The harmonic spectrum of input phase current (SCR=30).

4.2 EXPERIMENT VALIDATION

Following the PLECS simulation, experiments are carried out for further validation. The actual
topology for the experiment is shown in Fig. 4.4. Two relays are added after the grid emulator to
guarantee safety. The experiment equipment and the measuring instruments are specified in Table

4.3 and 4.4.
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Figure 4.4: Topology of the experiment setup.

Table 4.3: Type of experiment equipment.

Type Function
IMPERIX Rapid prototyping controller B-Box RCP 3.0 Modular control platform for AFE control
IMPERIX PEB 8032/6-10kW Implementation of AFE
IMPERIX passive filters box Grid impedance and L filter
CINERGIA grid emulator (GE-20) Reproduce grid voltages under various conditions
DELTA ELEKTRONIKA DC power supply SM500-CP-9o DC load of AFE

Table 4.4: Type of measuring instruments.

Type Function
KETSIGHT N2791A Differential probe for DC-link voltage Uy, measurement
YOKOGAWA PCBoso 701929 ~ Current probe for AC phase current i, }, . measurement
YOKOGAWA DLM2034 Oscilloscope for signal observation

Parameters provided in table 4.5 and 4.6 are employed in the experiment. Note that the
experiment adopts different parameters from the simulation. The reason for this is that personal
safety must be ensured during the experiment. As a result, lower DC-link and grid voltages
compared with simulation are chosen. Besides, the values of the grid filter inductance and the
output capacitor change because of the actual device types. These changes result in different
controller parameters in Table. 4.6.
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Table 4.5: Circuit parameters of the AFE in the experiment.

Parameters Value

Grid line-to-neutral peak voltage Eg/V 110v/2

Grid fundamental frequency f;/Hz 50
Input filter inductance L/pnH 250
DC-link voltage Ug./V 385
Output capacitor Coyt/mF 1.67
AFE switching frequency fsw/kHz 20
AFE control sampling frequency fs/kHz 40
AFE dead time Ty /ps 1

Table 4.6: Controller parameters of the AFE in experiment.

Parameters Value
Proportional gain of current controller Ky, 9
Integral gain of current controller Kj; 1000
Proportional gain of voltage controller Kpy 0.2
Integral gain of current controller Kj, 2
Proportional gain of SRF-PLL K11 1.21
Integral gain of SRF-PLL Kj,) 228.40

4.2.1  Experiment Procedure

Firstly, a brief introduction about the devices used is presented. In the software interface of
CINERGIA grid emulator (shown in Fig. 4.5), operation status can be controlled directly on the
personal computer (PC). Additionally, each phase grid voltage can be independently configured
in the AC tab: RMS value, phase delay, harmonics content, etc. For B-Box RCP 3.0 provided by
IMPERIX, the user can compile the code in Simulink by hitting Ctrl + B. This action will generate
and compile the code which is posted to the B-Box RCP automatically. At the same time, the BB
control utility software is launched. Its role is to control the B-BOX RCP and keep track of the
measured variables. The initial window (illustrated in Fig. 4.6) allows the user to select the IP
address of the B-Box RCP so that the specific device can be connected. Depending on whether the
B-Box RCP is connected to the computer directly or through a network, this IP will be dynamic or
static [25].
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Figure 4.5: Interface of the Cinergia grid emulator.
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After connection, the BB Control utility software (shown in Fig. 4.7) can add the control variables
in the Debugging tab which can be adjusted during connection. In the Datalogging tab, variables
can be monitored. In subsequent experiments, grid voltage e, ., AC phase current 7, ., DC-link
voltage uq. are monitored.

BB Control - m} X
BB-3E94084F (10.10,10.53] %

[ Ethernet: connected

o Discannect @ Stop code 0 Disable outputs [ User code: running

[ Outpusts: ensbled
=
‘§ Variable to watch: | | == & AA AA
3
2

Varisble Type Address  Value
Vdc float Ox1002C6AC 197.121
la float Ox1002C63C -8.18645
1] float Ox1002C640 5.
Ic float Ox1002C644 2.0
M float Ox1002CE48 0.8

7522

© batalogging

@ Message Log

Drag variables from the list above to the zones below; click to show the corresponding window :

Analog input configurator

Hew plot
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Show variables on DAC:

I —
Y —

o1 F] a2] ]
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e
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[o ] s3] |

Ci/Users/matlab/Desktop/Three_phase _inverter_operloop_SimscapeSpecialized_build/Three_phase_inverter_openlaop_SimscapeSpecialized. off

Figure 4.7: IMPERIX BB control window after connection.

Fig. 4.8 indicates the experiment setup. To conduct the experiment, the grid emulator should be
enabled first to be ready for serving as grid voltages e, , .. Then desired values for grid voltages
are set. After that, values are sent to the grid emulator and it starts to run. Hereafter, the status of
relay A and relay B needs to be changed from o to 1 in the Debugging tab of IMPERIX BB control
window. Till now, the whole system worked as an uncontrolled grid-tied rectifier. Then outputs
of IMPERIX BB control window are enabled and the controller starts to work. At this time, Iax
(shown in Fig. 4.9) for voltage controller protection in B-Box RCP 3.0 is increased so that the load
current can reach the desired level. In addition, the current controller’s V., (depicted in Fig.
4.10) is changed from o to 1, changing the switch’s input to V.. Finally, the DC load is adjusted
to the required value and the waveforms data can be saved.

After data saving, the DC load current should be set to zero first. Afterwards, the output of the
grid emulator is disabled while values of grid voltages are cleared and sent to the grid emulator.
Then relay A and relay B are off. Vj.s, and Imax come back to the initial values before experiment.
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Figure 4.9: Voltage controller in MATLAB/Simulink of the experiment.
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Figure 4.10: Current controller in MATLAB/Simulink of the experiment.

4.2.2  Experiment Results

Experiments with four operating points are carried out: the DC load power can be 1 kW or 2kW,
and the grid impedance Lg can be 0 or 2.5 mH which represent different load and grid conditions.
Experiment results are shown from Fig. 4.11 to Fig. 4.14. The simulation results are consistent
with the expected harmonics as discussed in Chapter 3.
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Figure 4.11: The harmonic spectrum of input phase current (P, = 1kW, Lg = 2.5mH).
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Figure 4.12: The harmonic spectrum of input phase current (P, = 2kW, Lg = 2.5mH).
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Figure 4.13: The harmonic spectrum of input phase current (P, = 1kW, Lg = 0mH).
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Figure 4.14: The harmonic spectrum of input phase current (P, = 2kW, Lg = 0mH).

4.3 SUMMARY

In this chapter, the time-domain simulation in PLECS and the experiment in the lab are carried
out to verify the correctness of the proposed analytical model for harmonic current source I.. The
simulation and experiment results show that the proposed model works well in estimating the
low-frequency current harmonics.






DESIGN AND IMPLEMENTATION OF CLOUD PLATFORM

The modeling procedure for the input impedance Z. and the harmonic current source I. of DCFCs
is explained in detail in the previous chapters. In this chapter, the IoT based harmonic emission
estimation tool for DCFC is built based on the proposed analytical model. The IoT service is
provided by Microsoft Azure.

5.1 BI-DIRECTIONAL COMMUNICATION BETWEEN DC FAST CHARGER AND BACK-END APP

The Internet of Things, or IoT, is a collection of managed and platform services that connect,
monitor, and control billions of IoT assets across edge and cloud. It also comprises security and
operating systems for IoT device and equipment, as well as data and analytics that enable users to
design, deploy, and operate IoT applications [26].

Among the Microsoft Azure services, loT Hub is an IoT service that operates as a central message
hub for two-way communication between an IoT application and the devices it administers. It is a
Platform-as-a-Services (PaaS) managed service housed in the cloud which provides highly secure
and dependable communication. Furthermore, the cloud-based application allows remote design
adaptation and considerably easy online parameter adjustment. Consequently, in this thesis, the
Azure IoT hub is used for bi-directional communication between the DCFC and the cloud-based
harmonic emission estimation application.

To achieve the aforementioned bi-directional communication function, two apps are required,
one is the back-end app for device management, and the other is the simulated DCFC app. These
two apps are both written in python which can work together to remotely reboot the charger, and
calculate the actual operating power based on the users’ input parameters.

According to the Microsoft tutorial [27], the first step is to create an IoT hub using Azure portal
and then create a device identity in this loT hub. The IoT hub named IoThubYL is shown in Fig. 5.1,
which belongs to the resource group RG_YL and is located in West Europe. Using Azure CLI, the
device identity named myDeviceld is created, as illustrated in Fig. 5.2. With specific commands, the
device connection string is retrieved.
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Figure 5.2: The screenshot of the IoT hub device.

The second step is to create a DCFC app that contains direct methods that can reboot the charger
and calculate the actual operating power based on the maximum power setting from the user. The
direct methods are invoked from the cloud and enable bi-directional communication. To be more
specific, the simulated DCFC app is connected to the IoT hub IoThubYL with the connection string
of the device identity, which can respond to the power calculation direct method and the reboot
direct method called by the cloud. After being invoked by the cloud, the DCFC app simulates a
physical reboot and reports the actual operating power and the time for the last reboot back to the
cloud.

The third step is to create a backend service app that invokes the power calculation direct method
and the reboot direct method in the simulated DCFC app through the IoT hub IoThubYL, displays
the response, and displays the updated reported properties. To invoke a direct method on a device
through IoT Hub, the backend service app needs the service connect permission. By default, every
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IoT Hub is created with a shared access policy named service that grants this permission. Therefore,
the IoT Hub connection string is needed for the service policy. The function iothub_reboot() in A.2 is
responsible call the direct method to reboot the target device, then query for the device twins and
get the last reboot time. The function iothub_devicemethod_sample_run(maximumpower) can call the
direct method to calculate the actual power and get the calculation result.

An overview of the system structure of the IoT platform is illustrated in Fig. 5.3. The device
(simulated DCFC) block and the backend block have already been discussed in detail before. The
next step is to create the front-end, which is elaborated on in the next section.

Device [€ Cloud Service Backend [* Frontend

Figure 5.3: An overview of the system structure of the IoT platform.

5.2 WEB FRAMEWORK

Django is chosen in this thesis for the front-end(webpage) design since it is a free and open-
source web framework that is based on python. This web framework follows the Model View
Template (MVT) architecture which can be developed easily and rapidly. To understand the
structure of Django deeper, the role of each part in Fig. 5.4 is elaborate in detail subsequently.

The Model is responsible for the data and databases behind the entire web application. In other
words, the model works as a logic tool to interact with a model to carry the data.

The template layer retrieves the users’ input data and determines how a user sees the response
so that it is responsible for the interface design.

Universal Resource Locator (URL) is used to provide the addresses of the resources, e.g. input
parameters, on the webpage. The URLs.py stores all the Universal Resource Locators (URLs) of our
web application in the URL patterns
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Yy 1

[ Webpage H Urls.py H Views.py

Figure 5.4: Diagram of django’s structure.

The View.py handles the communication between the Model and users. Once there is a web
request from the Webpage, it will take the URL patterns of the web request and Django will try
to search the URL in Urls.py. If something is matched, then Django will trigger the associated
function in the Views.py, which means that Views.py will take up the request and look for
models and templates to return a response which gets renders into the HTML templates. In this
webpage framework, the request can be POST or GET type, and the response can be a 404 error,
the reboot time, the actual power, the impedance curve image, and the bar graph indicating current
harmonics.

There are three main functions in the View.py to achieve the desired performance, i.e, reboot,
get_power, and get_parameter. Function reboot can reboot the simulated DCFC and return the
device response, i.e., reboot successfully with the reboot time or reboot failure. For the function
get_power, it will sent the power input from the webpage to the simulated device app once the user
click 'SUBMIT’ button and then return the device response back to the webpage. The function
get_parameter is responsible for sending input parameters from the webpage, e.g. filter inductance,
to the backend app for harmonics and input impedance calculations. The calculation result will be
returned back to the webpage for display.

The screenshot of this Django project in Visual Studio Code is given in Fig. 5.5. It can be
observed that there are two terminals in the VS code, one is the backend of webpage, the other
one is the simulated DCFC.

Based on the aforementioned discussion, the work flow of Django-based webpage can be
concluded as follows: first, a user types in the required information and sends a web request, e.g.
click the ‘Submit” button. Django considers the request as a URL and matches it with the existing
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Figure 5.5: Screenshot of the webpage backend project.

URL paths in the urls.py file. Once the URL matches, Django jumps to the views.py folder and calls
the corresponding function. The triggered views looks for models and templates to interact with,
and then it returns the response back to the user. The screenshot of the webpage is shown in Fig.
5.6.

To show the webpage function clearly, one example is given. First, users enter the maximum
power of the DCFC and click the 'SUBMIT” button. After that, the corresponding URL will be
matched with the existing URL path get-power in the urls.py file. Then the corresponding function
get_power in views.py will be triggered. In particular, this function will send the input maximum
power to the simulated DCFC app via cloud communication. Then the DCFC app will calculate the
actual operating power based on the received message and send the calculation result back to
function get_power in views.py. Finally, this response will be returned back to the webpage. After
getting the actual operating power, parameters shown in Tab. 5.1 are typed in to get the input
impedance curves and current harmonics spectrum. Once the "OK’ button is clicked, the same
workflow as the previous will be executed. The corresponding function in views.py calculates the
impedance curves and current harmonics based on these input information. When the calculation
is finished, the figures of impedance curves and current harmonics will be returned back to the
webpage. The webpage response is illustrated in Fig. 5.8 and Fig. 5.9.
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HARMONIC EMISSION ESTIMATION TOOL FOR DC FAST CHARGERS

DO YOU WANT TO REBOOT THE DEVICE?

IACTUAL OPERATING POWER BASED THE DESIRED MAXIMUM POWER

MAXIMUM POWER (W):

susmIT

PARAMETER INPUT

FILTER RESISTANCE (Q):

FILTER INDUCTANCE (H):

OUTPUT CAPACITANCE (F):

SWITCHING FREQUENCY (HZz):

DC-LINK VOLTAGE (V):

GRID VOLTAGE (V):

GRID FREQUENCY (HZ):

CURRENT CONTROLLER P:

CURRENT CONTROLLER I:

PLL PARAMETER P:

PLL PARAMETER I:

VOLTAGE CONTROLLER P:

VOLTAGE CONTROLLER I:

REFERENCE DUTY CYCLE:

DEAD TIME:

Figure 5.6: The screenshot of the webpage.



Table 5.1: Parameters for the input impedance calculation.

Parameters value
filter resistance 2x 10720
filter inductance 250 x 107°H

output capacitance 3000 x 107°F
switching frequency 20 x 103 Hz
DC charger power 30 x 10 W
DC-link voltage 800V
grid voltage 230V
grid frequency 50Hz
current controller P 1.256637
current controller I 100.530965
PLL parameter P 0.57950647
PLL parameter I 109.23439616
voltage controller P 6.148755
voltage controller I 254.664516

5.3 SYSTEM COST

ACTUAL OPERATING POWER BASED THE DESIRED MAXIMUM POWER

MAXIMUM POWER (W):

{'ACTUAL POWER': 30000.0}

Figure 5.7: The screenshot of the web page response: actual power.

5.3 SYSTEM COST

As mentioned in section 1.1, the lower overall system cost is the advantage of the cloud-based
solution. Therefore, it is necessary to evaluate the system cost of IoT platform.

The IoT platform in this thesis is a beta version that only uses the IoT hub service provided by
Azure. The Azure IoT hub pricing is listed in Table. 5.2 [28]. The free edition of the Azure IoT hub
is able to satisfy the requirement in this thesis since it enables to transmit up to 8ooo messages per
day with 0.5KB message meter size. Moreover, up to 500 device identities can be registered in the
free tier 1oT hub. Therefore, the free edition is chosen for this project. If higher message traffic flow
or more device registration is required in the future, the pricing plan can be swapped to S1 or Sz,
S3 depending on platform requirements.
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Figure 5.9: The screenshot of the web page response: current harmonics spectrum.
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Table 5.2: Azure IoT hub pricing with standard tier.

Edition Type Price per IoT Hub unit (per month) Total number of messages/day = Message meter size

Free Free 8,000 0.5KB
S1 €23.770 400,000 4KB
S2 €237.770 6,000,000 4KB
S3 €2,376.991 300,000,000 4KB

5.4 SUMMARY

The design and implementation of the IoT-based platform are elaborated in this chapter. First,
the bi-directional communication between the DCFC and back-end app based on Microsoft Azure
service is discussed. The web framework of the IoT platform is then presented. Finally, the system
cost regarding the platform is given.






CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

An 10T based online harmonic emission estimation of DCFC is presented. The online platform can
estimate the current harmonics of DCFCs under different grid conditions. The development of the
IoT platform is divided into 3 parts: input impedance Z. modeling of the AFE, current harmonic
source I. modeling of the AFE, and the design of the IoT based platform. The conclusions from
each part can be drawn as below,

1. For the input impedance modeling of the DCFC elaborated in the Chapter 2, it can be seen
that:

e DCFC with AC distribution network is the mainstream solution for now which consists
of two stages: AC/DC stage and DC/DC stage.

¢ Considering the large DC-link capacitor between these two stages, the current harmonics
emission is mainly determined by the AC/DC stage. In this thesis, the typical design of
AC/DC stage, i.e., two-level AFE is chosen for input impedance modeling.

¢ The influences of the PLL dynamics, the inner current control loop, the outer voltage
control loop, and the fluctuation of DC-link voltage on the input impedance modeling
are taken into account.

2. The current harmonic source modeling of the DCFC is discussed in Chapter 3:

¢ The harmonic analysis based on the double Fourier series method has been under
intensive investigation, whereas most of them focus on carrier and carrier-sideband
harmonics.

¢ To model the harmonic current source, the switch node voltage should be solved first
so that the open-loop current harmonic can be obtained.
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¢ The closed-loop harmonic is acquired based on the open-loop current harmonic and the
control diagram of the AFE. Note that the frequency coupling effect should be taken
into account.

3. For the design and implementation of the IoT based platform part in Chapter 5:

¢ The bi-directional communication between the simulated DCFC app and the back-end
app is realized via the service provided by Microsoft Azure.

¢ The web framework of the IoT platform is built on the Django structure.

* Since the platform in this thesis is a beta version, no system cost is required.

To conclude, a harmonic current emission model mainly considering low-frequency harmonics
is proposed in this paper. The technique is based on the Fourier series method and the impedance
model which is able to reveal the harmonic current emission of DCFCs under different grid
conditions. The time-domain simulations and experiments are presented subsequently to validate
the analytical model. Based on the proposed model, an IoT based platform for online harmonic
emission estimation of DCFC is built.

6.2 FUTURE WORK

It is worth mentioning the future work which concerns a deeper analysis of the proposed model
and the refinement of system functions:

¢ The solution for the time period without dead time effect has inaccuracy that affects the
harmonic computation. As a result, it’s vital to improve model accuracy.

* Due to the limit of existing experiment equipment, the experiment is conducted with grid
impedance Ly =2.5mH. The grid impedance in reality is relatively lower. Thus, experiments
with lower grid impedance can be carried out in the future.

¢ For the IoT platform, the next step can be to combine the platform with the real DCFC. In
addition, the function of charging power suggestion based on the DCFC parameters and the
grid condition can be added.
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PYTHON CODE FOR CLOUD-BASED COMMUNICATION

A.1 PYTHON CODE FOR THE SIMULATED DC FAST CHARGER APP

import time
import datetime

from azure.iot.device import IoTHubDeviceClient, MethodResponse
RECEIVED MESSAGES = 0

CONNECTION'STRING = ”HostName=IoThubYL.azure-devices.net;Deviceld=myDeviceld;
Shared AccessKey=4V5PudifE5BPRIrAoUTQsRTzVVUEuTK1S0qUEDIRinc="
def create’client():

# Instantiate the client

client = IToTHubDeviceClient.create from connection string(CONNECTION'STRING)

# Define the handler for method requests
def method request handler(method request):
if methodrequest.name == "PowerCalculation”:

global RECEIVED MESSAGES
RECEIVED MESSAGES +=1
print(” Message received”)
Receivepower=method request.payload
ReceivepowerNumber=int(Receivepower)
print('Receive power', ReceivepowerNumber)
ActualPower=ReceivepowerNumber®(.8
print( ' Actual power', str(ActualPower))

# Create a method response indicating the method request was resolved

65



66

PYTHON CODE FOR CLOUD-BASED COMMUNICATION

resp status = 200
resp payload = —' Actual power': str(ActualPower)”
#resp 'payload = —7 Actual Power”: 'Test'”

method response = MethodResponse(method request.request’id, resp’status, resp payload)

elif method request.name == "reboot”:
# Act on the method by rebooting the device
print(”Rebooting device”)
time.sleep(20)

print(” Device rebooted”)

# ...and patching the reported properties

current’time = str(datetime.datetime.now())

reported 'props = —"rebootTime”: current time”
client.patch’twin reported properties(reported props)
print( ”Device twins updated with latest rebootTime”)

# Create a method response indicating the method request was resolved

resp status = 200

resp payload = —" Device Response”: ”Reboot Successful””

method response = MethodResponse(method request.request’id, resp’status, resp payload)

else:
# Create a method response indicating the method request was for an unknown method
resp status = 404
resp payload = —"Response”: ” Unknown method222””
method response = MethodResponse(method request.requestid, resp’status, resp payload)

# Send the method response
client.send 'method response(method response)

try:
# Attach the handler to the client
client.on"method request received = method request handler
except:
# In the event of failure, clean up

client.shutdown()
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return client

def main():
print (”Starting the IoT Hub Python sample...”)
client = create’client()

print (”Waiting for commands, press Ctrl-C to exit”)
try:

# Wait for program exit

while True:

time.sleep(1000)

except KeyboardInterrupt:

print("ToTHubDeviceClient sample stopped”)
finally:

# Graceful exit

print(” Shutting down IoT Hub Client”)

client.shutdown()

if "name” == '"main""':

main()

A.2 PYTHON CODE FOR THE BACKEND SERVICE APP

import sys,time

from azure.iot.hub import loTHubRegistryManager

from azure.iot.hub.models import CloudToDeviceMethod, CloudToDeviceMethodResult, Twin
CONNECTION'STRING = "HostName=IloThubYL.azure-devices.net;Shared AccessKeyName=service;Shared A
DEVICE'ID = "myDeviceld”

TIMEOUT = 60
WAIT'COUNT = 5
MESSAGE'COUNT = 1

def iothub'reboot():



68 PYTHON CODE FOR CLOUD-BASED COMMUNICATION

try:
# Create loTHubRegistryManager
registry manager = IoTHubRegistryManager(CONNECTION'STRING)

print ( 77)
print ( ”Invoking device to reboot...” )

METHOD PAYLOAD = 7—“"method number‘”:“742“” "

# Call the direct method.

deviceMethod = CloudToDeviceMethod(method name="reboot”, payload=METHOD PAYLOAD)
response = registry manager.invoke device'method(DEVICE'ID, deviceMethod)

print ( 9 )
print ( ”Successfully invoked the device to reboot.” )

print ( 77)
print ( response.payload)

#while True:

print (77)
print ( "IoTHubClient waiting for commands, press Ctrl-C to exit” )

status'counter = 0
while status’counter (= WAIT'COUNT:
twin'info = registry manager.get twin(DEVICE'ID)

if twin’info.properties.reported.get(”rebootTime”) != None :

print (”"Last reboot time: ” + twin'info.properties.reported.get(”rebootTime”))
else:

print (”Waiting for device to report last reboot time...”)

time.sleep(1)
status'counter += 1
return (response.payload, ”Last reboot time: 7 + twin'info.properties.reported.get(”reboot Time”))

except Exception as ex:
prlnt ( 299 )
print ( 7 Unexpected error -0”” .format(ex) )
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response ‘error="Unexpected error —0"”

return response’error

except KeyboardInterrupt:
print ( 79 )
print ( "IoTHubDeviceMethod sample stopped” )

def iothub’devicemethod sample run(maximumpower):
try:
# Create loTHubRegistryManager
registry manager = loTHubRegistryManager(CONNECTION'STRING)

print (77)
print ( ”Sending message to the deivce...” )

METHOD PAYLOAD = maximumpower

# Call the direct method.

deviceMethod = CloudToDeviceMethod(method name="PowerCalculation”, payload=METHOD PAYLC
response = registry manager.invoke device' method(DEVICE'ID, deviceMethod)

print (77 )

print ( ”Successfully send message.” )
time.sleep(5)

print (77)

print ( response.payload)

#while True:

print ( 77 )

print ( "IoTHubClient waiting for commands, press Ctrl-C to exit” )
return response.payload

except Exception as ex:
print (77 )
print ( 7 Unexpected error —0”” format(ex) )
response ‘error="Unexpected error —0"”

return response’error
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except KeyboardInterrupt:

print ( 79 )
print ( ”IoTHubDeviceMethod sample stopped” )

if "name” == '"main""":
print ( ”Starting the IoT Hub Service Client DeviceManagement Python sample...” )
print (7 Connection string = —0"” format(CONNECTION 'STRING) )

print (7 Device ID = 0" format(DEVICE'ID) )

iothub’devicemethod 'sample run()
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