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IMPROVED SEQUENCE NETWORK FOR A GRID-TIED CURRENT
CONTROLLED INVERTER

Thibaut Harzig, M.S.

University of Pittsburgh, 2018

The development of equipment for harvesting renewable energy has lead to an increase in the
number of inverters connected to electric grid architectures. The power electronic inverter is a
key element to interface most renewables with the grid. Often manufacturers will not provide the
detailed schematics of the inverter control scheme that has been implemented. But, current
control mode is one of the most common control strategies for inverter design.

The control design of such inverters is realized by assuming nominal operating
conditions for the grid voltage. However, it is common to model a current-controlled inverter as
a three-phase current source even under non-nominal conditions. Therefore, the classical fault
analysis tools, such as symmetrical components, needs to consider unbalanced condition impacts
on control to make an accurate estimation of the fault current expected from the power electronic
unit. The contribution of this work is to study the behavior of a grid-tied current controlled
inverter when the grid is experiencing a single line-to-ground fault and to analytically develop a

sequence network model that takes into account the control strategy implemented and the nature



of the fault. A PLECS simulation of a current controlled inverter is realized to prove that the new
sequence network model, that takes into account the impact of the fault on the inverter’s control
system behavior, is more representative of inverter behavior compared to a sequence network

developed using classical assumptions.
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1.0 INTRODUCTION

1.1 BACKGROUND

Historically, the electrical grid was built following a radial configuration where clients are
supplied by large power sources. However, with the increasing penetration of renewables, more
inverter-based generation were connected to the grid. The flow of power that was primarily
unidirectional (from power source to clients) became bidirectional as it becomes possible to
provide power to the grid at the distribution level. Those distributed generations decrease the
efficiency of classical fault detection scheme as they can reduce and even shadow fault currents
[1]. Therefore, detection algorithm based on phase shift measurement between line current and
voltage was developed to improve the fault detection capability in an inverter-based generation
distribution circuit [2]. However, this scheme was developed considering balanced faults. For
unbalanced faults, symmetrical components are used for fault current predictions. Nevertheless,
this fault assessment technic were developed for networks, where rotating machines were the
dominant contributor to fault currents [1]. In fact, traditional generators behave differently
compared to inverter-based generations under unbalanced conditions making the modeling if
inverters into sequence networks challenging. In that context, this project aims at providing an

accurate answer in the sequence network modeling of inverter.



1.2 CURRENT MODE CONTROL VERSUS VOLTAGE MODE CONTROL

Most of the control schemes of an inverter aim at regulating the amount of active and reactive
power injected into the grid. Two main strategies exist to control these parameters [3]. The first
one is known as the voltage-mode control. In this mode the amount of active power delivered to
the grid is controlled by acting on the phase angle of the converter output voltage while the
amount of reactive power injected is controlled by acting on the converter output voltage
amplitude with respect to grid voltage. The main advantage of the voltage-mode control is the
simplicity of operation as only two independent control loops are required on the condition that
the voltage amplitude and phase are closed to those of the grid voltage. However, this strategy
suffers from a lack protection against overcurrent happening when the power references are
changing too fast or when a fault occurs.

The second strategy to regulate the real and reactive power is the current-mode control.
In this mode the real and reactive power regulations relies on controlling the phase angle and
amplitude of the line current with respect to the grid voltage. Even if the regulation of dq
parameters implies dynamics that need to be decoupled the advantages of this mode over the
voltage mode are numerous. In fact, they include robustness against variations in parameters of
the voltage sourced converter and a higher precision added to an inner protection from
overcurrents.

Consequently, the current mode control has been chosen in this project as it represents
most of the existing voltage sourced converter control scheme for the regulation of the real and
reactive power. Moreover, the voltage source converter control of this project doesn’t include a
control loop of real and reactive power as it would bring more unexpected behaviors from the

converter that are relevant to analyze but aren’t in the scope of this project.

2



1.3  PROJECT CONSTRAINTS

The work presented in this report aims at realizing the sequence network of a grid-tied current
controlled inverter system without any interfacing three-phase transformer and experiencing a
single line-to-ground fault on phase A presented in figure 1. The goal is to predict accurately the
fault current going through the fault resistance Ry and to explain any unexpected behavior in the
inverter’s output current that would appear under unbalanced conditions.

Voltage-Sourced

L
Inverter Vi R [5256] lia Vg, Ry

— L
= Vib , R [0l | Vsp Ry

Vic e I
e VtC R | Zj 5 5 lltc Vsc RV
AW\~
R¢
Za Vsl Vc

Figure 1: Schematic of a grid-tied current controlled inverter



1.4  CONTENT ROAD MAP

As the system to model has been defined, the analysis of the problem is decomposed in three
chapters. The chapter 2 aims at providing a pre-analysis of the problem, modeling basic elements
of the distribution circuit using the symmetrical components. This chapter provides the technical
background concerning symmetrical components and study the classical assumptions concerning
the sequence network model of inverters in literature. The chapter 3 provides a detailed analysis
of the Grid-tied current-controlled inverter design. This chapter includes the validation of a
simulation model of Grid-tied current controlled inverter that is used in the next chapter. The
chapter 4 constitutes the core of this project presenting a new sequence model of the Grid-Tied
controlled inverter. This accuracy of the new model is compared to the sequence network using
classical assumptions presented in chapter 2. A PLECS simulation is realized to validate the

proper sequence network model for the Grid-Tied current controlled inverter.



20 PRELIMINARY FAULT ANALYSIS

This chapter aims at providing the fundamentals of the existing tools to model fault events in the
grid [4]. The use of symmetrical component theory is the basis to build sequence networks that
are used to predict the fault current expected for a particular type of fault. The section 2 of this
chapter will apply these principles to the voltage source and the series impedance of the system
to start building the sequence network. However, as the sequence network of the inverter is the
core of the problem in this project, the last section of this chapter presents the primary statements
found in literature to model the sequence network of an inverter. The results of these classical
assumptions will be compared in chapter 4 to a new sequence network model based on the study

of the inverter’s control in chapter 3.



21 SYMMETRICAL COMPONENTS

Thanks to the Fortescue transformation any set of three phasors can be expressed as a linear

combination of sets of three-phasors as represented in figure 2.

v, Voo
V2 Vb1
Phase A Phase B
V
Va0 VoV t Ve2 V
/ / /1 + Va1 + a2z
Vb 1 VCZ
Zero-sequence components Positive-sequence components Negative-sequence components

Figure 2: Decomposition of three phasors into sequence components

The first set is the Zero sequence components, composed of three phasors with the same
magnitude and with no phase difference between them and represented by the subscript O
(Va0, Vios Vo). The second set is the Positive sequence components, composed of three phasors
with the same magnitude with 120° phase difference between them, in a positive sequence and
represented by the subscript 1(V,4, V31, V.1). The last set is the Negative sequence components,
composed of three phasors with the same magnitude, with 120° phase difference between them,
in a negative sequence and represented by the subscript 2 (V,,, V2, V.2). As in a set of phasors
(zero, positive or negative) the magnitudes of the phasors are identical and the phase difference
between each phasor is known, each set of phasors (zero, positive, negative) can be expressed by

a single complex number (V,, V3, V, respectively).
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Relations between a set of phasors and its associate complex number are given in (2-1),

2T 4T 2T
(2-2) and (2-3), where a = e’3 anda? = e’3 =7/,

Vo =Vao = Vio = Veo (2'1)
Va1 = V4
Vb1 - aZVI (2'2)
VCl == aVl
Vaz =V,
Vb2 = aVZ (2-3)
Ver = a?V,

With the previous simplifications, the Fortescue transformation in (2-4) can be expressed

as well as its inverse in (2-5) to obtain the sequence components of a set of three phasors.

Va 1 1 11[%
=11 a* al|W (2-4)
Vc 1 a (12 Vz
ol 11 1 1][%
4} =§[1 a azl Vp (2-5)
v, 1 a? allV




2.2  PRELIMINARY SEQUENCE NETWORK OF THE SYSTEM

2.2.1 Sequence network of the three-phase voltage source and its output impedance

The goal of this part is to build the sequence networks of a three-phase voltage sources and its

output impedance represented in figure 3.

E
N M RV
E
B I\,ra Rv Vb
a—
E
C Ive R, V..

Figure 3: Schematic of the three-phase voltage source and its output impedance

Using the notations of figure 3, each phase follows the relation given in (2-6):
Vsa = Eq = Ryl

Vsp = Ep — Rylyp (2'6)
Vse = Ec — Rylye

From the relations in (2-6) it is possible to apply the inverse Fortescue transformation to
have a relation linking zero sequence phasors in (2-7), positive sequence phasors in (2-8), and

negative sequence phasors in (2-9).

Vv _Vsa+Vsb+Vsc _Ea+Eb+Ec_R (Iva+1vb +Ivc)
s0 — 3 - 3 v 3 (2_7)

Vso = Eo — Rylyg = =Ryl
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Vo (Vsq + a?Vg + aVy)  Eq + a’Ep+ak, _h (Iyq + a?l,, + al,,)
s1 — - v
3 3 3

Vs1 = E1 — Ryl

Ve + aVsp + a*V,. E, + aE,+a’E, (I, + al, + a®l,)
S2 = 3 = 3 - RV 3

Vso = E; — Ryl = —Ry 1,

(2-8)

(2-9)

As the three-phase voltage provides a balanced set of voltages in a positive sequence only

E; # 0. Thanks to the equations in (2-7), (2-8) and (2-9), it is possible to draw the equivalent

zero sequence network (a)), positive sequence network (b)) and negative sequence network (c))

in figure 4.
R, lys
+ +
+
IVO |V2
VsU El V51 VsZ
R, Ry
a) zero-sequence network b) Positive-sequence network c) Negative-sequence network

Figure 4: Sequence networks of the three-phase voltage source and its output impedance



2.2.2 Single line-to-ground fault on phase A modeling

As the sequence network of the current controlled inverter, in parallel with the three-phase
voltage source and its output impedance, is subject to study, the sequence networks in figure 5

are modeled to consider the inverter as a black box that will be modeled later on.

lo | | Iz
R, v1 1
lo — k2 ‘
A N
+
E, m .
Zero Sequence lvo Positive Sequence Negative Sequence |
Network of Current Network of Current Vo Network of Current 2 v
Controlled Inverter Vi Controlled Inverter Controlled Inverter 52
a) zero-sequence network b) Positive-sequence network c) Negative-sequence network

Figure 5: Sequence network of the system with unknown contribution of the inverter

The fault condition modeled is a short-circuit between phase A and the ground with a
fault impedance Rr. Considering that the pre-fault current (la, Is, Ic before the fault occurs) is
negligible then it is possible to state some fault conditions in (2-10)

o=l (2-10)

Vsa = Rply

From the first relation of (2-10) and the transformations in (2-4) and (2-5) it is possible to
express relations linking sequence components of load currents and grid voltage.

Ly

Ip=5L=1I= 3 (2-11)

(VSO + Vs + Vsz) = 3Rgpl;

10



From the relations in (2-11), it is possible to connect the zero, positive and negative

sequence networks to get the sequence network model in figure 6.

Zero-sequence

Zero-sequence network ~ |Network of Current V.
Controlled Inverter .

-

Iti |1

—>

Positive-sequence

Positive-sequence network  [Metwork of Current by
Controlled Inverter

Negative-sequence network | jNegative-sequence
Metwork of Current b2
Controlled Inverter

Figure 6: Sequence network modeling the single line-to-ground on phase A with unknown

contribution of the inverter

To compute the fault current, the circuit figure has to be solved to express I, = I, = I,, as

the fault current expected is given by computing I, = 31,.
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2.2.3 Literature review on Inverter’s fault contribution

This part will summarize two reference documents to establish the classical assumptions made to
model the fault contribution of Inverters. The first document [5] is a technical report from the
IEEE Power & Energy society analyzing the Fault Current Contributions from Wind Plants. The
report realizes the assessment of each type of wind turbine generator (type I, type Il, type IlI,
type IV and type V) for the design of protecting equipment. The type IV wind turbine generators
presented in figure 7 is composed of an electrical machine interconnected with a full-scale back-

to-back frequency converter.

Constant Power;
Current Limited

Grid

}
I

Wind {
turbine Generator |
I

I

I

I

Rectifier Inverter

Figure 7: WTG type IV topology [5]

The report mentions that the fault response of this type of wind plant is highly dependent
on the control strategy implemented. However, the inverter of this type of wind plant is assumed
to only inject a symmetrical current under balanced and unbalanced faults. In other words, the

wind turbine is not injecting any Negative or Zero-sequence current during a fault.

12



The second paper [6] presents a fault current and overvoltage calculations of a typical

distribution circuit with solar photovoltaic (PV) in figure 8 creating a sequence network model

shown in figure 9.

Lateral 1
a
Lateral 2
|
'\-N

Figure 8: Distribution circuit under study [6]

DG-NORT
Zero seq Zsy

‘ :
| |
| z Zo,
Positive seq. ‘ ’_rvwgf'}m_l_-\;v
‘f \ |

Figure 9: Sequence network of the distribution circuit [6]
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In figure 9 the inverter is modeled as a current source that provides only a positive
sequence of current. It is important to notice that the inverter is interfaced with a Wye-Delta
three-phase transformer that acts, in zero sequence, as an open circuit across the zero sequence
network of the inverter. Therefore, even if the inverter provides a zero sequence of current, this
current would not flow throughout the rest of the zero sequence network of the distribution
circuit.

As a conclusion, a current controlled inverter is assumed to provide only a positive
sequence of current under balanced and unbalanced conditions. In [6], this assumption is
accurate because the inverter is interconnected with a Delta-Wye three-phase transformer that
acts as an open circuit in the Zero-sequence domain and will prevent any Zero-sequence current
from flowing to the distribution circuit. Hence, the scope of this work is to prove that the case
study in [6] is a particular case and that an inverter without interfacing Delta-Wye three-phase
inverter can’t be modeled as providing only a Positive-sequence of current under unbalanced

conditions.
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3.0 GRID-TIED CURRENT CONTROLLED INVERTER ANALYSIS

The purpose of this chapter is to highlight key elements in the design of the inverter described as
a Two Level, Three Phase Voltage-Sourced Converter. The first section describes the steps to
obtain the averaged model of the converter, The second section introduces the Park
Transformation used to simplify the design of its current control loop presented in section 3 [3].
The voltage sourced inverter is said “grid-tied” as the inverter picks up the frequency the
electrical network to produce AC voltages that have the same frequency. Therefore, the design of
the Phase-Locked Loop (PLL), aiming at extracting the electrical grid frequency, is described in

section 3. Finally, the section 4 describes the validation of the model with a PLECS simulation.

3.1 GRID-TIED CURRENT CONTROLLED INVERTER ANALYSIS

3.1.1 Three Phase Voltage Sourced Converter Switched Model

The Three-Phase Voltage Sourced Inverter in figure 10 is composed of three half-bridge
converter that will each convert the input DC voltage into an AC voltage on each phase. The
converter is called “Voltage Sourced” because the input of the converter is composed of DC
voltage sources. Furthermore, this Three-Phase Voltage Sourced Inverter is called “Two-level”

as voltages Vi, Vi, Vi can be only —Vpc/2 or Vpc/2. The first step to get the averaged model of

15



the converter is to mathematically describe the functioning of one phase, that is to say, one half-
bridge converter.

The single phase DC/AC half bridge converter in figure 11 produces an AC voltage
alternating the switch of two “switch cells”. A switch cell is composed of a unidirectional switch,

such as an IGBT, and a diode connected in antiparallel to make a fully controllable reverse

Half-bridge Half-bridge Half-bridge
converter of converter of converter of
phase A phase B phase C

®

&)
N

Q1 D1 Q2 D2 Q3 D3 R L
T Ve AN [F00_ Ve
Vioc/2 R L
/'-\ th '\/\/\, [ﬁm Vsh
R L
Vae/2 Vi | o [ Ve
Q4 D4 Qas D5 a6 D6

(o)
&)
—/

y ®

Figure 10: Three-Phase Voltage Sourced Converter
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Q1 D1

Figure 11: DC/AC Single-Phase Half Bridge Converter

conducting switch. The main feature of such a switch is that it can be considered as a unipolar
switch that is able to conduct in the opposite direction when reverse biased by a small voltage.
The converter is controlled through the gates of the IGBT in each switch cell thanks to
“switching functions”. A switching function can be defined by the following statement:

1, turn on command for the switch

s14(0) = (3-1)
0, turnof f command for the switch

Let si(t) and sa(t) be the switching function of the switch cell 1 and switch cell 4
respectively. Then it is possible to describe the waveform of the output voltage considering two

cases related to the direction of the output current.

17



This analysis requires to state several assumptions to obtained the switched model of the
Half-Bridge converter:
e The diodes and IGBT are considered as perfect switch
e Transition from a conduction state to a blocking state takes place instantaneously
Q1 and Q4 can’t be commanded to conduct in the same time as it would short-circuit the DC
input voltage.
Referring to figure 2, in the case of a positive current i:
» If s1(t)=0 then Q1 is blocked. The current i can’t flow through D1 because ip1
can’t be negative. As igs can’t be negative, Qs is blocked even if s4(t)=1 and the
current can only flow through Da.

Vi=Vy=— VDC/2 (3'2)

» If s1(t)=1 then s4(t)=0 then Q1 conducts and Qa is blocked. The current i still can’t
flow through D1 because ip1 can’t be negative. The diode Dg is reverse biased and
is blocked.

Vi=Vy=— VDC/2 (3'3)

In the case of a negative current i:
» |If s4(t)=0 then Qs is blocked. The current i can’t flow through D4 because ipa
can’t be negative. As ig1 can’t be negative, Q1 is blocked even if si(t)=1 and the

current i can only flow through D1.

18



Ve= Vp = VDC/2 (3'4)

» If s4(t)=1 then s1(t)=0 then Q1 conducts and Qa is blocked. The current i still can’t
flow through D4 because ips can’t be negative. The diode D1 is reverse biased and
is blocked.

Ve = V;a = VDC/2 (3-5)

Therefore, independently from the current i sign:
> If sa(t)=1 and s4(t)=0 then V, =V, = Vp/2
» If sa(t)=1and si(t)=0then V, =V, = —Vp/2

The switched model of the half-bridge converter is therefore given by:

v = (V2¢/y) 510 = (V2¢/,) s40) (3-6)

To establish a simpler switched model of the half-bridge converter it is assumed that the
switching functions satisfy the following condition.

Sl(t) + S4(t) =1 (3-7)

Finally, the switched model of the half-bridge converter can be expressed by (3-8).

Ve = V¢/, @sy(t) — 1) (3-8)

19



To get a more accurate expression of the switched model, it is necessary to take into account the
process used to issue the turn on/off commands for switches. The pulse-width modulation
(PWM) is a classical method to build switching functions. This method consists in comparing a
modulating signal acting as the command with a triangular waveform of period Ts to create a
square waveform. As shown by the figure, if the modulating signal, also called modulation index
is higher in amplitude than the carrier then the switching function value is set to 1 otherwise the
value is set to 0. The result is a square waveform with a duty cycle that vary from a switching

interval T; to another.

A

()

Figure 12: Comparison of a triangle waveform with a modulating signal to realize a PWM on a

switching function [3]

If the modulating signal m is constant over the switching interval T;, the resulting duty

cycle d for this interval follows the relation below.
d = %+ 0.5 (3-9)
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Let’s study the particular case where the modulating signal is a sinusoidal function of the
time:

m(t) = Mcos(wt) (3-10)

To continue the analysis, it has to be assumed that ;—Z > w. Therefore, at the scale of a

switching interval T;, m(t) is a constant value. The value of duty cycle during a switching
interval T; is labeled D|z,. Yet, it is important to note that D|z, will change from a cycle to
another.

The switching function si(t) can be expressed by:

2 < sin(nnD|z)
s1(t) = Dl|g, + Ez Tscos(nwst — nQ;g) (3-11)

n=1

Plugging the expression above into (3-8), it is possible to give a new expression including

harmonics for the switched model of the Half-Bridge converter in (3-12)
szcf sin(nnD|TAs)

v = "¢/, (201 — 1) + :

cos(nwgt —ng,) (3-12)

n=1
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3.1.2 Three-Phase Voltage Sourced Converter Average Model

The dynamic equation of the output current of the converter is represented by (3-13)

di(t
Ld—(t) + Ri(t) = V() = Vi(t) (3-13)
V.(t) = Vicos(wt) corresponds to the voltage of the grid in figure 10. This voltage is
considered as constant during a switching interval T as i—” > w.
S
By superposition it is possible to consider the dynamic of the output current as the
summation of the response of the DC component of V,(t) labeled 1(t) and the response of the

AC component of V,(¢) labeled (t)

) o~V
— Ri(t) = "P¢/, (2D|s, — 1) = Vs(nTy)
— +oo
di(t) — _ 2Vpc sin(nmD|g,) (3-14)
LT + Ri(t) = - Z " cos(nwst — ney)
n:

i(t) = 1(t) +1(t)

The dynamic equation of the output current represents a low-pass filter with a cut-off
frequency w, = %- Therefore if ZT—" > w,, the impact of 1(t) on i(t) is negligible and the dynamic
equation for the current can be expressed in (3-15).

L% +Ri(t) = VDC/Z (2D|7, — 1) — Vs(®) (3-15)
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It is important to notice that the response of the DC component (3-15) can be extracted
from the dynamic equation of current in (3-13) by applying the average operator to the two sides
of the equation. As the average of a variable can vary from one switch cycle to another, the

average operator is given by the equation below.

t—Ts
x(t) == f x(t)dt (3-16)

This operator can only be applied if the frequency of the carrier signal Ti IS higher than

the frequency of the modulating signal (10 times higher). Moreover, as T, can be considered to
be very small, the averaged model of the output current of the single phase half-bridge converter
is given by the equation (3-4) by expressing the varying duty cycle as a function of the

modulation index.

@ , Ry = MV

L
dt 2

cos(wt) — Vs (t) (3-17)

The modulation index m(t) represents therefore the ratio between the input voltage (%)

and the output voltage of the converter. As the duty cycle of the switching function can’t be
superior to 1 over a switching interval the amplitude of m(t) can’t go above 1 otherwise the

converter will start to saturate.
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Going back to the three-phase voltage sourced converter, it is possible to consider the
system with three dynamic equations (3-18), one per phase, with three inputs represented by the
modulation indexes in (3-19) applied to each phase of the converter. Each phase voltage of the

grid can be seen as a disturbance while the current of each phase represent the output of the

system.
( dig(t 1%
L ;E ) + Ri,(t) = %Cma(t) — V;cos(wt)
duiy (t — vV 2
19O ey 2 Ve ) — Vcos(wt — 25 (3-18)
dt 2 3
di.(t) —— Vi 21
(L It + Ri.(t) = TmC(t) — Viscos(wt + ?)

( mg(t) = M,cos(wt)

| 21

4 m,(t) = Mycos(wt — ?) (3-19)
I

\

21
m.(t) = M.cos(wt + ?)

To control the system and get balanced three-phase currents, time varying references
have to be used for each phase. Consequently, this control will involve complex compensators to
track with zero steady state error and no phase delay the time-varying reference. Another
solution is to implement a control strategy in the dg-frame using the Park transformation on the
equations (3-18) and (3-19). As the references to track for this control strategy will be DC values
only Pl compensators would be required. The next section realizes a deep analysis of the Park

transformation and use to design the current control of the three-phase voltage sourced converter.
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3.2 PARK TRANSFORMATION FUNDAMENTALS

To understand and build a better intuition of the Park transformation, let’s consider the concept

of space phasor (3-20) of a balanced set of time varying functions (3-21)
f.(®) = fcos(wt + 6;)
fo(0) = feos(wt 5+ 6,) (3-20)
U‘C(t) = fcos(wt + 2?7-[ + 6,)

FO =3[P0 + &3 fy04/5 1,0 = (Fero0)eror = peror (3-21)

In (3-20), f refers to a time varying amplitude and 8, to the initial phase angle. If f is

constant, f(t) can be represented by a vector in the complex plane turning counterclockwise at

the speed o in figure 13.

/” 1T ‘-L‘\ - .
(=L =rei% S ft=0)=/
207 = T, @ \
’ N
7 \
/ \
/ \
/ \
1/ \
! \
\
i 6() !
: L—> Re
l 1
. ‘.m FJ
Radius = f - J
\ /
AN /
\ ’
\ ,
- TS -
fin=pel® AT

Figure 13: Space phasor in the complex plane [3]
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The equations in (3-22) might be used to extract the time domain functions from the

space phasor.

fua(®) = Re{f (6)e ™7}
[N 2T
fv(t) = Re {f (t)e 33 (3-22)

21

£.(6) = Re e T}

With the concept of space phasor comes the space phasor phase-shifter/scaler in (3-23)

that aims at changing the amplitude and phase of the three-phase signal.

F(t) = FIDA(t)e®® (3-23)

The Park transformation (3-24) is a particular case of a space phasor phase-shifter/scaler

that only phase shifts the space phasor of an angle —&(t) = &, + [ w(7)dx.

fa+if, = (]Tt)’) e—Je®) = (fefwf) e~JE®) = foi@o=¢0) (3-24)

If £ is constant, then the result of the transformation is a constant complex number. To realize

properly the Park transformation, dZ—(tt) must be equal to w but &, is not necessarily equal to 6, .

The transformation can also be understood as the projection of the space phasor in a
“synchronously rotating reference frame” in figure 14. The Clark transformation is the
expression of the real (o) and imaginary () component of the space phasor and can also be seen

as a projection in a static reference frame.
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/ ’ 81 = 6, + [w(T)dT

Figure 14: dg- and af- coordinate of a space-phasor [3]

As the transformation is currently using three AC inputs to get two DC outputs, the
common mode or zero component in (3-25) is generally added to the result of this phase shift to

make the whole Park transformation.

1
fo=3 (fa(@®) + f,(0) + fc(£)) (3-25)

In control design considerations, nominal conditions assume balanced signals making the
Zero-sequence component equal to zero. Therefore, this component is often not taken into
account and only the space phasor expressed in the synchronously rotating frame in (3-24) is

considered.
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In practical applications the transformation in (3-26) and (3-27) are used to directly
express the dgo components from three-phase signal and the time varying signals from dgo

components respectively.

i 2m 2T
cos(e(t)) cos(e(t) ——) cos(e(t) +—)
fa - o |[fa®
fa| = 3|sin(e®)  sine(®) - ?) sin(e(t) + ?) fr(®) (3-26)
2 2 2
cos(e(t)) sin(e(t)) 1]
fa@®] | 2w 2w ||fa
£, = |cos(£(t) - ?) sin(e(t) — ?) 1| f, (3-27)
fe(®) cos(e(t) + Z?H) sin(e(t) + 2?71) 1J fo

3.3 CURRENT CONTROL IN THE DQ-FRAME OF THE GRID IMPOSED

FREQUENCY THREE-PHASE VOLTAGE SOURCED CONVERTER

3.3.1 Dynamic Model of the Voltage Sourced Converter in the dg-frame

As equations (3-18) and (3-19) are representing a decoupled symmetrical three-phase system, it
is possible to express a dynamic equation relating the space phasors of each variable in (3-28)

using the operation introduced in (3-21) on the set of equations in (3-18)

dit) — Vpye—— .
! ;(t)+Rl(t) =%m(t)—vse1wt+90 (3-28)
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It is assumed that the space phasor of each variable has a constant amplitude. Moreover if
the dg components of the modulation index and the current are obtained using a rotating frame

that is not rotating at the speed w but realizing a phase shift of angle -&(t) of the space phasor,

() = (iq + jig)el=®
(3-29)
m(t) = (mg + jmg)e/*®

The equation (3-28) can be transformed into the equations (3-30) using the new
expressions for the current and the modulation index above and separating the real components

from the imaginary components, with Vs; = Vicos(wt + 6, — &(t)) and V;, = V;sin(wt + 6, —

(1))
did de(t) c
L ~har tat Rle= 5 ma Ve ®
di,  de(o) - (3-30)
LE L dt Id+R q = mq —Vsq(t)

In the case that e(t) = wt + 6, the equation (3-30) can be simplified to get the equation

in (3-31)
di v
bjLJmQ+R%=%?md—%
t. (3-31)
dig . Vbe
L—+ Lwly + Ri; = qu

dt
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As the input modulation indexes in dg-frame are DC references then i, and i, are DC
variables in steady-state. The equations in (3-32) represent the dg components of output current
in steady-state and considering that the dq component of each variable is computed using a

synchronously rotating frame.

. Ve
Lwl; + Rig = de A (3:32)

4
Lwlg + Rig = —=my

The PLL extracts the frequency of the grid voltage to fulfill the requirement of a

synchronously rotating frame. The next part describes the design of such a function.
3.3.2 Design and Control of the PLL

The main function of a PLL is to extract the frequency of the grid voltage so that the inverter is
able to produce a three-phase output voltage having the same frequency. This frequency is used
to realize the Park transformation of input and output variables for the control in the dg-frame of
the inverter.

To realize such a function, the g component of the grid voltage Vg, will be used to adjust
the angle £(t) to be equal to wt + 6,. It is important to notice that to make such an adjustment,
&(t) has to be set to regulate V;, to 0. However, the expression of Vs, is a sinusoidal function and
can’t be used directly as a feedback signal to regulate £(t). If e(t) respects the initial conditions

in (3-33) then it is possible to state that V, =~ Vi(wt + 6, — £(t)).
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de
E(O) = w:(0) = w (3-33)

Wemin < We < Wemax

The process of PLL presented in figure 15 is able to track wt + 6, and can be transformed into a

classical feedback control block diagram in figure 16.

VSE
Vsd
Vsb Park
Transformation Viq
VSC
Fy E (t)
VCO saturation *

f ‘—we% <— H(p)

Figure 15: Schematic of the Phase Locked Loop (PLL) process

saturation VCO g(t)

wt + B —-? V, H(p) we# -

Figure 16: Equivalent Feedback control loop diagram

=
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The VCO in figure 15 and 16 can be represented as a resettable integrator of w, every
time the result of the integration reaches 2.

If the voltage grid is under nominal conditions, then the loop gain needs to integrate two
integrators as the reference wt + 6, is a ramp function. Therefore, the compensator H(p) needs
to contain at least one integrator for £(t) to track (wt + 6,) without steady-state error. However,
the expression of Vs is different if the voltage grid is unbalanced changing the design features of

the compensator H(p).
3.3.3 Compensator design for PLL under non-nominal conditions

As seen in the first chapter, the event of a single line-to-ground fault brings a zero and a negative
sequence component in the grid voltage that is therefore expressed in (3-34)

( Vea (t) = Vsicos(wt + 8y) + Viycos(wt + 6,) + Vggcos(wt + 6,)
2 4r
Ve (t) = Vsqcos (wt + 6, — ?) + Vg, cos (wt + 6y — ?) + Vggcos(wt + 6y) (3-34)

41 2n
lVSC(t) = Vi cos (wt + 6, — ?> + Vgycos (wt + 6, — ?> + Vggcos(wt + 6y)

The space phasor of the set of voltages in (3-34) is expressed in (3-35) and shows that the

zero component no longer appears in the expression of the space phasor.

Vs(t) = (Vo1 + Vspe™/20) e (@E*00) (3-35)

The space phasor of the Negative-sequence component can be represented by a vector
turning clockwise at the speed . Therefore, a projection of this component on a frame that is
rotating counterclockwise at the speed ® represents a vector turning at the speed -2m clockwise.
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Therefore, the impact of the negative sequence component is a complex time-varying expression
representing a phase shift of —2wt in (3-35). The expression in (3-36) gives the Park
Transformation of (3-35) in the synchronously rotating frame.

{Vsd = V51 +Vs,c0s(2wt)

Vg = —Vypsin(2t) (3-36)

The expression of I, tells that a sinusoidal component is present when the angle e(t) has
reached the reference wt + 6,. Therefore, if the compensator doesn’t remove this component
from V4, we and () will contain it and lead to distortions of signals transformed from dg- to
abc- frame and from abc- to dg- frame. One solution is to design the compensator to have strong
low-pass filter characteristics but it will reduce the closed-loop bandwidth of the PLL. Another
solution is to include one pair of complex conjugate zeros at s = +j2w, so that the sinusoidal
component of , expected in steady-state will not be present in w, and &(t) without reducing

the closed-loop bandwidth of the PLL.
3.3.4 Current control loop in the dg-frame

First of all, it is important to notice that the set of equation in (3-31) are coupled and can’t be
used directly. However, it is possible to decouple these equations by adding the dg components
of the grid signal and the dg components of current to the input dq components of the modulation
index. If the expression of the modulation index in (3-37) is plugged into (3-31), it is possible to

get two decoupled dynamic equations for the output current represented in (3-38).
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my = V_ (ud - La)lq + VSd)
o (3-37)

T Vpe

diy .
L d_ + Rld = Ug
¢ (3-38)

dig ]
LE-*_ qu = uq

The equations in (3-38) are two first order equations leading to the expression of transfer

functions of the system for the d- and g- axis using Laplace transformation in (3-39).

Io(s) Io(s) 1
Ug(s) Uy(s) R+Ls

(3-39)

Therefore, the d-axis and g-axis can be controlled independently with two feedback loops
in figure 17 thanks to the new inputs u, and u, respectively, outputs of the compensator in the

d-axis control loop and of the compensator in the g-axis respectively.

Idref 1 ]d
? Hp(s) R +Ls

Iyres 1 q
? Ho(s) R+Ls

Figure 17: d-axis and g-axis control block diagram
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The compensators for the d- and g- axis are identical so that Hy (s) = Hy(s) = Hpo(s).
The equivalent transfer function linking the reference current i4,..rand i, to the output current

iq and i, respectively are expressed in (3-40)

i i HDQ (s)
d q R+ Ls
—— == (3-40)
ldref lqref 1+ I;DQ (l:g)
+ Ls

The compensator Hp,, is chosen to be a Pl compensator as one integrator is required to

track a DC reference with zero steady-state error. First of all, the proportional gain k, and

integral gains k; will be designed to compensate the pole of the system at s = —% as this pole

represents a small frequency or a big time constant.

k,s + k;
Hpo(s) = 2—— (3-41)

The two degrees of liberty offered by the two parameters of the compensator allows
setting a new time constant 7; for the control loop dynamic. On one hand this time constant
needs to be small enough to ensure a fast tracking of the reference. On the other hand, this time
constant needs to be big enough for the system to filter the switching harmonics. Typically, the
closed-loop bandwidth should be at least ten times smaller than the switching frequency. To

respect the two previous constraints, k,, and k; are computed thanks to the relations in (3-42).

I = L

P
R (3-42)

ki = —

T;
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The closed-loop transfer function in (3-41) simplified with the new expression of the Pl
compensator is a first order behavior of time constant t; expressed in (3-43).
ig iq 1

- = - = 3-43
ldref lqref 1+ T; ( )

As the dq components of the current are the control input of the system, the converter is
therefore seen as a current source that will provide, in steady-state, a balanced three-phase
current obtained by realizing the inverse Park transformation of the dq references of current.
However, in (3-23) the control of the inverter uses the voltage grid as a feedforward signal to
decouple the dynamics of the d-axis and g-axis of the output current. Under unbalanced
conditions the grid voltage might contain a zero component that will not be part of the

feedforward signal as only the d and g component of the grid voltage are kept for control.

3.4  GRID-TIED CURRENT CONTROLLED INVERTER VALIDATION

This section is dedicated to validate through simulation results, the model of grid-tied current
control inverter under nominal conditions presented in the previous section. The schematic figure

18 presents the simulation diagram used in PLECS.
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Figure 18: Current controlled inverter simulation diagram in PLECS

The schematic is composed of several subsystems for the sake of clarity. Each subsystem
will be described in detail as well as the plot that are displayed on the picture. The simulation
parameters chosen for the system are summarized on table 1.

If the output current of the inverter has reached references set by the control, then the amplitude

of each line current is given by the relation below.

(3-44)
Lapk = Igpk = Icp = \/Idrefz + Iyres” = 4301.164

The figure 19 demonstrates that the line currents amplitudes are in agreement with the

prediction of amplitude using the dq components of the current reference.
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Table 1. Simulation parameters for the model validation in PLECS

Parameter Value
AC Voltage source magnitude 480 Vrws line-to-line
AC voltage source frequency 60 Hz
Voltage source output impedance 0.05Q
DC voltage source(Vpc/2) 625V
Line Resistance (R) 1.63 mQ
Line Inductance (L) 100uH
Load Impedance per phase 10kQ
Switching Frequency (1/Ts) 3420 Hz
d-axis reference current 3500
g-axis reference current 2500
Closed-loop time constant for d-axis 2ms
and g-axis current (1)
PLL frequency upper limit (®¢max) 377.001rad/s
PLL frequency lower limit (®¢min) 376.981 rad/s

The modulation index of each phase presented in figure 20 show no sign of saturation as
their amplitude never exceeds 1. Finally, the figure 21 demonstrates that the closed-loop of the
PLL managed to track the grid frequency as the slope of the ramp curve during one cycle is equal
to 376.9766 rad/s. The C-Script block in figure 18 simulates the behavior of a VCO and is

provided by the PLECS library.

Inverter's Output Current

! T T
4000 —
| |
2000 —
| U 1
1000
0
+1000 H
. |
2000 | |
-3000 — H!]ﬁ
L |
0 001 002 003 004 005
Time (seconds)

Figure 19: Line currents in time domain
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Modulation indexes
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Figure 20: Modulation indexes of phase A, B and C in time domain

Epsilon
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Figure 21: Dynamic of the angle Epsilon used for Park transformation

The detail of the PWM subsystem is shown in figure 22 and show the comparison of each

modulating signal with a triangular waveform.
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Figure 22: PWM producing the switching function for each phase

The schematic figure 23 illustrates the current controller of the inverter with the different

signals operations to decouple the dynamics of the d- and g- axis and also the Pl compensator

respecting the following design constraints.
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- b 1 output current
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() [>1q oukput current

Iq

k, =— = 0.05
P I
k; =—=0.815
T;
1d 0.05540.515 o

\AA

.

Tramsfer Fen :l—%
+

Idref Iq D—W

L

& i
= (i
d-axis
output currentl
0.055+0.515 49
L - L -
q + B - :
Transker Fcnl =+
Igref 14
Ll
o

Wsq

(3-45)

ZDC

mabc
RRF->3ph

Epsilon

2{WDC1

Figure 23: Current controller of the simulation model on PLECS
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As the closed-loop transfer function for each axis of the current has a first order behavior
of time constant ti = 2ms, then 14 and Iq will reach 63% of their steady-state value (2205 A for Iq
and 1575 A for Ig) at time t=2ms. Plots in figure 24 and 25 prove that Iq and lq have a first order
behavior of time constant tj = 2ms set by the closed-loop transfer function as Iq and 14 reach 63%
of their steady-state value (2205 A for lq and 1575 A for Ig) at time t=2ms and reach 95% of their

steady-state value after 5ti=10ms.

Dynamic of d-axis current
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Figure 24: d-axis output current dynamic in time domain
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4.0 IMPROVED SYMMETRICAL COMPONENT MODEL FOR A GRID-TIED,

CURRENT CONTROLLED INVERTER

Even if grid interconnected current controlled inverters are designed based upon nominal grid
voltage conditions it is possible to find in literature that specific voltage and current control
architectures are based upon symmetrical components for handling unbalanced grid conditions
[7]-[11]. However, most of the existing current controlled inverters use only the synchronously
rotating frame for regulation. This control is based upon the assumption that the grid voltage is
balanced and, as seen in chapter 3, requires only two closed feedback loops.

In chapter 2, a literature review established that the prediction of the fault response of a
three-phase inverter with the control mentioned, a common practice is to model the inverter as an
ideal current source in its positive sequence representation only [5], [6]. However, unbalanced
loads on the grid are able to disturb the output voltage symmetry and the model prediction of an
islanded inverter unless this inverter is interfaced to the grid through a wye-delta transformer
[12]. The fault analysis in [6] is actually a special case where it is correct to model the inverter as
a current source in the positive sequence only because the inverter is interfaced with a wye-delta
transformer. As in [12], this transformer isolates the inverter from experiencing any zero
sequence voltage provided by the grid experiencing a single line-to- ground fault (SLGF). Thus,
without an interfacing transformer, the output current symmetry of the inverter in [6] would be

disturbed due to the presence of a zero sequence voltage component. The inverter cannot be
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modeled as an ideal source providing only a positive sequence current because this assumption
will result in poor estimations of the expected fault current. This chapter will be organized as
follows: Section 1 provides the necessary background knowledge on how to build sequence
networks assuming the inverter acts as an ideal three-phase current source providing balanced
currents. In Section 2, the control limitations of the inverter under a SLGF scenario are analyzed
and used to create a proposed sequence network. Section 3 compares sequence networks of

Section 1 and 2 with a computer simulation model conducted in PLECS.

4.1 INVERTER SEQUENCE NETWORK MODEL USING CLASSICAL

ASSUMPTIONS FROM LITERATURE

The sequence network construction of figure 1 requires both the sequence components of the
non-ideal three-phase voltage source and the inverter. One accepted community assumption is
that the current controlled inverter generates balanced current during a fault. Therefore, the
inverter will only provide a positive sequence current component defined by the phasor, 1€/, As
the inverter is current controlled with references established in the synchronous reference frame,

la and lg, the positive sequence current phasor is determined by (4-1) and (4-2).
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Figure 26: Sequence networks that model the fault response of a grid-tied, current controlled

inverter in response to a SLGF with the classical assumptions on the inverter’s behavior (left) and proposed

(right).

I= /ldz +1,° (4-1)

Iq
arctan (—) ifI,b>0
Ig

1
@ = < arctan (I_q) +mifly <0,andl; >0 (4-2)
d

I
Larctan (I—q) —mif I; <0,and I, <0
d
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Assuming that the pre-fault current magnitude is negligible compared to the fault current
magnitude, a SLGF sequence network can be formulated and shown in the left of figure 26

thanks to the analysis realized in chapter 2.

42  SEQUENCE NETWORK MODEL ACCOUNTING FOR INVERTER CURRENT

CONTROL

For our analysis here, it is assumed that the inverter does not output balanced currents during a
fault. Fundamentally, the current controlled inverter uses the grid voltage as a feedforward signal
to apply the proper voltage difference across the RL filter. In the context of this work, the
inverter is controlled in the synchronous rotating reference frame. It is recalled that the dynamics

associated with the inverter output current are governed by the relationships in (4-3).

dig ) Vbe
LE—Lwlq+Rld=7md—%
di v, (4-3)
L—2 + Lwl, + Ri, = 2Xm
dt d a— p

It is assumed that the grid voltage contains a positive, a negative and a zero sequence
component due to the SLGF. A general expression for this set of voltages is given by (4-4). The
dg components of the grid voltage signal can be shown to be (4-5). Note that Vsi, Vs2, and Vs

represent the positive, negative, and zero sequence voltage amplitudes, respectively.

Voo (t) = Vsicos(wt + 0y) + Vsycos(wt + 0y) + Vggcos(wt + ;)
2 4
jVsb(t) = Vg cos (a)t + 6y — ?) + Vg, cos (wt + 6y — ?) + Vgocos(wt + 6,) (4-4)

| 41 21
Ufsc(t) = Vi cos (a)t + 6, — ?> + Vg, cos (wt + 6, — ?> + Vgocos(wt + 6y)
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Vsa = Vgq + Vsycos(2wt)
(4-5)
Vsqg = —Vs25in(2wt)

As the grid voltage is expressed in the synchronous rotating frame, (4-5), a zero sequence
component is not observed by the inverter control. In steady-state, Iq and 14 will be equal to their
reference set points established by the PI controllers and will be DC values. Consequently, the
derivatives in (4-3) are equal to zero in steady-state. By substituting (4-5) into (4-3), the steady-
state, inverter terminal voltages for the d-axis and g-axis can be expressed by (4-6). An
interesting finding to note is that if an inverse Park transformation was applied to the AC terms
in (4-6) (Vy,cos(2wt) in V., and —Vg,sin(2wt) in V,,), the negative sequence component of the grid
voltage will be obtained.

Via = —Lwly + Rl + Vs + Vsycos(2wt)

(4-6)
Viq = Lwly + Rl; — Vg,sin(2wt)

Performing an inverse Park transformation on (4-6) and then applying the Fortescue
transformation, one will obtain (4-7), which represents the symmetrical component terminal
voltages for the inverter. Graphically, the sequence components of the average model of a
voltage sourced inverter with its RL filter operating at its fundamental frequency can be modeled
by the sequence networks shown in figure 27. In figure 27, V1 = Vs1, V2 = Vs2, and Vo = V.

Viz = Vs2
Vir = —Lwl; + Rlg + Vg + j(Lwlg + Rly) 4-7)

Vio=10
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Figure 27: General Sequence Network of a Grid tied current controlled inverter

Based upon (4-7), the zero sequence voltage associated with the zero sequence network
of figure 27 is short circuited. In (4-7), the conditions also show that Vi, = Vs,. Therefore, no
current will flow in the negative sequence network and Vi can be treated as an open circuit.
Equation (4-3) is typically used to regulate 14 and Iq. These current values will influence Vi in
(4-7), which will drive the positive sequence output current flow, li1, through the RL filter. With
these constraints the final sequence network for a SLGF scenario that accounts for inverter
current control is found in the right of figure 26.

The critical difference between the new and classical model is the RL filter placed in
parallel with Ry in the zero sequence network. This adjustment accounts for the inverter
supplying zero sequence current through the RL filter resulting in imbalances in the output
current of the inverter. Finally, the proposed model will predict a higher fault current compared
to the classical model. The parallel impedance, seen in red in figure 26, will reduce the

equivalent impedance, therefore increasing the system fault current.
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43  SIMULATION RESULTS

To validate the new sequence network model accounting for inverter current control, a PLECS
simulation of a current controlled grid tied inverter was developed. The system in figure 1 was
simulated with the following parameters: L = 100uH, R = 1.63mQ, Vpc = 1250V, and Ry =
0.05Q. The source line-to-line peak voltage and frequency are 480V and 377rad/s, respectively.
Each Pl compensator for the d-axis and g-axis were designed to have a proportional gain value of
0.05 and integral gain value of 0.815. The inverter is controlled to reach current references of
larer = 3KA and Iqref = 0 A, [3]. A single line-to-ground fault is located on Phase A and modeled
by a fault impedance, Rt, of 0.0163m<2 connected to the ground. A wye-connected resistive load
of 10kQ per phase is used. The system power base is set to 1.7 MVA and the voltage base is set
to 277 V.

Table 2 provides the computed numerical per unit values for the sequence voltages across
the load and the fault current. Comparisons are made between the analytical calculation of the
classical sequence network modeling approach (figure 26) using (4-8), the proposed model
taking into account the inverter’s current control using (4-9), and the simulation of the system at
steady-state. Table 2 shows that the proposed inverter model for computing the expected fault
current has stronger agreement with the simulation result compared to the classical approach.
The proposed model is able to predict a difference in magnitude between the negative (V2) and

zero (Vo) sequence load voltage.
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Table 2. Comparison of Classical Sequence Model, Proposed Model, and Simulation Results

Classical i .
Proposed Simulation
Parameter System del |
Modeling Mode Result
Vo 0.51 0.38 0.38
V1 1.03 0.92 0.92
V> 0.51 0.64 0.64
3l 4.17 5.18 5.19
lto 0 1.36 1.35
R,1e/® +V
I =3l =—————
R, + Rf
4-8
VO - VZ == val ( )
Vl - 311Rf - ZRUII
I = 31, = 3( R,1e/® +V )
feon 2R, + R,//(R + joL) + 3R;
Vo =Ryly (4-9)

Vo = Ry//(R + jwL)];

Vy = 31,R; — Ryl; — R,//(R + jwL)I;

Figure 28 shows that the inverter’s output current is no longer balanced. A sequence
analysis of this current reveals that a positive and a zero sequence component is found within the
signal. Therefore, the zero sequence current is responsible for the inverter’s output current

asymmetry.
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The zero sequence component of the inverter’s output current can be predicted by

computing the current entering through the RL filter in the proposed zero sequence network

model of Fig. 2. The result of this calculation is listed as Iy in Table I and matches well with the

|

simulation result shown in figure 29.
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Figure 28:Simulation of inverter current under a SLGF.
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Sequence Components Magnitude of Output Current
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Figure 29:Sequence analysis of inverter current under a SLGF.
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5.0 CONCLUSION

5.1 CONTRIBUTION

Working group committee reports for modeling power electronic system impacts on the grid
often state the limitation of not knowing the control architecture for a vendor’s product.
However, this work is still able to provide some insight into the controller’s impact on fault
current contribution by an inverter by utilizing a commonly used current control architecture for
low power and high power, power electronic systems.

A SLGF symmetrical component model of a grid-tied current control inverter without an
interconnecting transformer has been discussed and has shown to predict fault current
magnitudes accurately. The comparison of the PLECS simulation inverter model with the
mathematical analytics from the classical fault network approach and proposed model
demonstrates that the inverter can be assumed to provide balanced three-phase currents only
under normal grid voltage conditions. Under unbalanced grid supply to the inverter, a dq current
controlled inverter cannot be assumed to only produce positive sequence current but, has been

shown, that the zero sequence component impacts the inverter’s output current symmetry.
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5.2 FUTURE WORK

The model presented has shown the impact of a single line-to-ground fault on the behavior of a
Grid-Tied Current Controlled Inverter only considering the layer of current control but not the
layer of active and reactive power control. In fact, the fault event is subject to have an impact on
the reference of current that depends on the expression of the grid voltage in dg-frame. A similar
analysis, as the one realized in this work, might extend the accuracy of the sequence network

model provided in this report.
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