Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Fault Modeling of Grid-forming Converters using Dynamic Phasor Theory

Zhang, Qi; Liu, Dong; Chen, Zhe

Published in:
2021 IEEE IAS Industrial and Commercial Power System Asia

Creative Commons License
CCBY 4.0

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Zhang, Q., Liu, D., & Chen, Z. (Accepted/In press). Fault Modeling of Grid-forming Converters using Dynamic
Phasor Theory. In 2021 IEEE IAS Industrial and Commercial Power System Asia (pp. 1-6). IEEE.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
? You may not further distribute the material or use it for any profit-making activity or commercial gain
? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: August 24, 2021


https://vbn.aau.dk/en/publications/86e86ca0-f127-4a1b-ace4-dd1a3ed3eb41

Fault Modeling of Grid-forming Converters using
Dynamic Phasor Theory
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Abstract—It has been pointed out in recent years that grid-
following and grid-supporting converters are harmful to the
stability of the power system, and grid-forming converters (GFM)
are becoming to be the most promising grid-connected converters
for the integration of renewable energy. Nevertheless, the devel-
opment of GFM converters challenges the fault analysis of the
power system because GFM converters have a totally different
fault response with that of the grid-supporting, grid-following
converter, and the synchronous generator. The fault modeling
of GFM converters is a foundation to overcome this issue, so
it should be investigated firstly. However, this topic is rarely
discussed in the previous literature. In order to fill this research
gap, this paper proposes a fault modelling method for GFM
converters based on the dynamic phasor theory. The dynamic
phasor model of GFM converters can provide an effective
interface to the power system analysis. Thus, the proposed model
is outstanding because of its ability to analyze the interaction
between converters and the power system in the fault analysis.
To verify the correctness of the proposed model, a 12 MVA
grid-forming converter is established in MATLAB/Simulink. The
simulation results show that the proposed model can almost
perfectly handle the fault analysis of the grid-forming converter.

Index Terms—Fault modeling, grid-forming converter, renew-
able energy, dynamic phasor theory.

I. INTRODUCTION

Grid-connected converters as the interface equipment of
renewable energy generations push the modern power sys-
tem into power electronics dominated systems (PEDS) [1].
In comparison with traditional synchronous generators, the
disparate fault response of grid-connected converters results
in new fault conditions to the operation and protection of
PEDS [2]. Thus, it brings a new challenge to the fault analysis
theory and the protection system design because the traditional
fault analysis for synchronous generators is not applicable for
that of grid-connected converters. Therefore, the traditional
fault analysis theory should be further expanded to handle
the challenge caused by new fault conditions caused by grid-
connected converters.

Generally, based on the control strategies, grid-connected
converters can be divided into three classes: grid-forming
(GFM), grid-supporting (GST), and grid-following (GFL) con-
verters. For GST and GFL converters, they work under a
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stable voltage provided by the power grid and are normally
controlled as a PQ node in the power system, so the interaction
between these converters and the grid is weak. In contrast,
GFM converters are designed to support the voltage of the
grid, which means that the interaction between converters and
the grid are strong. Consequently, GFL and GST converters
are widely used in the power system at the beginning of
development of renewable energy integration. However, in
recent years, some studies has pointed out that, the GST and
GFL converter are harmful to the stability of the power system,
especially for the weak grid [1], [2], [6]. Under this content,
the GFM converter is becoming the most promising candidate
for the renewable energy integration of power system. For
the widespread deployment of the GFM converter, it is very
critical to grasp the fault behavior, fault response, and the fault
characteristics.

As the foundation of the fault analysis theory, fault modeling
of grid elements aims to provide simple and correct models
to analyze the fault response of grid elements. Compared
with traditional synchronous generators, fault responses of
grid-connected converters are more complicated because of
the fast-response control and the deficiency in over-current
capability [1], [3], which makes the development of the fault
analysis model of GFL and GST more sophisticated. Because
of the widespread usage in power system, the fault analysis
model of GFL and GST converters have been discussed and
proposed in previous studies. However, the fault modeling of
GFM converters is rarely discussed, and the fault analysis
model of GFM converters is becoming a critical topic with
the increasing amount of GFM converters connected to the
grid.

In order to fill the research gap, this paper proposes the
fault analysis model of GFM by using the dynamic phasors.
Firstly, the V/F droop control strategy of GFM converters is
overviewed. Secondly, the state-space dynamic phasor model
of GFM converters is derived, in which the time-domain state-
space model is established firstly and then the time-domain
model is transformed into the dynamic phasor model.
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Fig. 1: The typical topology and the V/F control structure of
the grid-forming converter.
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Fig. 2: The block diagram of the V/F droop controller.

II. FAULT MODELING OF GRID-FORMING CONVERTERS
A. Overview of the GFM and its control structure

The typical topology and general V/F droop control struc-
ture of GFM are shown in Fig. 1. The DC source and
transformer of the grid-forming converter are assumed as ideal
ones because the impact of them on the fault analysis can be
ignored. Typically, the control system contains three parts: V/F
droop based power controller, the voltage controller, and the
current controller. The current controller controls the three-
phase current flowing through the inductor labeled as ¢ in Fig.
1, and the voltage controller is responsible for controlling the
output voltage of GFM on the connection-port labeled as v.
The output active and reactive power of GFM are controlled
by the V/F droop controller and the reference input of the
voltage controller is generated by the V/F droop controller.
The block diagram of the V/F droop controller is shown in
Fig. 2. Based on the structure of the V/F droop controller, the
amplitude of the reference voltage V, and the power angle ¢
of GFM can be expressed as (1).

Vo =V - mq(Q - Q*)
6= /27r(w* —my (P — P*))dt

where: m,, m, are the droop coefficient of the droop con-
troller.

(D

B. Fault modeling of the GFM

The block diagram of the voltage and current controller
is shown in Fig. 3. Take outputs of four PI controllers as
state variables of the voltage and current controller, which are

Current controller

Voltage controller

Fig. 3: The block diagram of the voltage and current controller.
Note: the state-variables are labeled by red fond with a
rectangle background, and the parameters of PI controller are
labeled by red font.

represented by 2,4, Tvq, Tid, Tiq, and labeled by red font with
a rectangle background in Fig. 3. Subscripts v,? denote the
states in the voltage and current controller, and subscripts d, g
represent DQ components.

T
{$vdq = [xvdvxvq] )

T
Tidg = [Tid, Tig]
Define the input and output of the voltage controller as:

T
Vdgref = [Udrefavqref]
Vdq = [Udvvq]
idq = [ia,ig)" (3)
todq = [Zod7loq]

tdgref = ['Ldrefy quef]

Based on the structure of the voltage controller, the state-
space model of the voltage controller can be obtained as (4).
By the similar way, the model of the current controller can be
obtained as (5).

*fvdq = Blvdq'r'ef + B2’qu
idqref = Clmvdq + Dlvdqre_f + D2'qu + D3iodq

“4)

{djidq = Blidqref + B2idq (5)

Vedg = Cindq + D4idqref + DSidq + D3'qu

where:

Bl = dzag(l, 1),B2 = —diag(l, 1)
C,= diag(kvi? kvi)v C; = diag(kcz‘, kci)
D, = diag(kvp, kvp), D3 = diag(1,1), Dy = diag(kep, kep)
| =Ky —wC | K¢ —wlL
Da= [ wC =Ky } Ds = [ wL  —K
(6)



Fig. 4: The block diagram of the LC power filter.
Note: the state-variables are labeled by red fond with a
rectangle background.

Combine (4) and (5), the time-domain state-space model of
the controller can be obtained, which is shown in (7).

[ Vdgref 1
wv mv v,
|: wqu :| = Actr |: IB'Zq :| + Betr zl:iq
idq idq odgq
tdq
- )]
Vdgref
Vedg = Ceir |: Todq :| + Dctr :qu
idq todq
| tdq
_ 0 0 | B1 B: 0 0
Act'r- - |: Cl 0 :| 7Bct'r- - |: Dl D2 Bl B2

Cetr = [D4C4], Detyr = [D1D4, D3 + D2 Dy, Dy, D5

where p is the differential operator. The block diagram of the
model of the power filter is shown in Fig. 4. Define states vari-
ables of the inductor and the capacitor as x4, T1.q, Tcd, TCqg>
which are labeled in Fig. 4, and define the output of the LC
power filter as vqq, tdq:

T

TLdq = [TLd, TLq)

TCdq = [xCdvl’Cq]T
T

Vdq = [Udﬁvq]

ldq = [Zdvlq]

Based on the voltage-current relationship of inductors and
capacitors, the time-domain model of the inductor and capac-
itor can be obtained as shown in (8) and (9).

Trdg = AL1TLdq + Br1vVedq + Br2vVaq ®)
tdqg = CL1TLdq
Todq = Ac1Tcodq + Beitdg + Bo2todq ©)
Vdq = CCledq

where:

-R .
_ | . 0 w
ALl = iy ;R 7ACI - |: —w 0 :l
L

Bypy = diag(1,1), Bpz = —diag(1,1)
Bci = dzag(L 1)7BC’2 = —dzag(l, ]-)

1 1

- 0 — 0
Coi=| L | | .Ca=|C

0o = 0o —=

L C

Combine (8) and (9), the time-domain state-space model of
the power filter can be obtained, which can be expressed as

(10).
LLdq - A LLdq B Vedg
P R b R vl B
tdq -C TLdgq
{”dq] plt[‘”qu}
where:
_ | A1 Cor [ Bri O
Aplt_{cm Ac Bore = g Bc2
Ct, 0
cplt:[ L cm]

According to the dynamic phasor theory [13], the dynamic
phasor model of one three-phase voltage or current variable
has a relationship with the DQ components, which can be
expressed as (11).

_jﬂ-

Tph = %(md +jzg)e 2 (11
where x,;, is the dynamic phasor model of a three-phase
voltage or current, and x4, z, are their DQ components.
Combine (7) with (10), the time-domain state-space model
of GFM can be obtained, and then the model can be trans-
formed into the dynamic phasor model of GFM, based on the

relationship defined as (11). The dynamic phasor model of
GFM is expressed as (12).

(To)y (To)y
Ti)q _ Ti)q V;"e
P <<37L>1 7Aph <<mL>>1 Jerh{ <<10>fl>1 }
(zch | (o) |
[ (To)y |
[ <'U>1 :| =Cpn <$i>1
e
L \TC/ |

(12)
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Fig. 5: The structure of the simulated test system.

TABLE I: Parameters of simulation model

Parameters Values

Grid voltage
Z1 (positive sequence)
Z1 (negative sequence)
Z> (positive sequence)
Zo (negative sequence)
Load
Rated Power of GFM
Voltage of DC source
System frequency
Resistance of the power filter
Inductance of the power filter
Capacitance of the filter
Cutoff frequency of current controller

25 kV
0.1273 +j2.9333 Q
3.864 + j12.964 Q

0.6365 + j14.6665 Q
19.32 + j64.820 Q2
6 MW
12 MVA

10 kV

50 Hz

60 mQ2

4.2 mH

220 uF

1 kHz

where: <xv>1 ’ <$2>1 ) <xL>1 ’ <xC>1 ’ <VT€f>1 ) <i0>1 ) <U>1 ) <Z>1
are transformed from ®ydq, Tidg> Ldqs TLuqs Vdgrefs todqgs
Vdq, tdq Tespectively, based on (11). And:

- 1 -
0 0 0 -
1 kup
ph = kep + R kepk
kcpkm kci — e + jkcpw
0 0 lL ¢ —jw
- L ’ -
! " 0 0 0 !
k 1 Vol
By, = vp ,Cpp = ¢
ph kcl)kvlﬂ kCP ph 0 0 l 0
0 -1 L

The voltage frequency droop controller endows the GFM
converter with a grid-supporting function. The amplitude and
power angle generated by the V/F droop controller give the
GFM converter the reference to control the output active and
reactive power. Thus, compared with the slack bus, the power
phase angle of the GFM converter is ¢, and then the output
voltage v, and current i,,;, of the GFM converter can be
expressed as (13).

{”oph = (v), e? (13)

Goph = (io); e?
III. SIMULATION VERIFICATION

In order to verify the correctness of the proposed model, a
12 MVA GFM converter is established in MATLAB/Simulink.
The structure of the test system in simulation is shown in
Fig. 5. The converter is connected to an infinity power system

The output voltage of the GFM converter
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Fig. 6: The comparison result between the simulation and
calculation when the three-phase to ground fault occurs.

through two transmission lines which are presented by Z;, Zs.
In the simulation, the m-network equivalent electric circuit
model is used for the presentation of transmission lines. The
topology and the control system of the GFM converter are
shown in Fig. 1. The average model of the three-phase H-
bridge in the GFM converter is used in the simulation, so
the harmonics caused by the switching action are ignored.
The detailed parameters of the simulation system are listed in
Table. I. All measured voltages and currents in the simulation
are per-unit based, and the base value of voltage and power
are 25 kV and 12 MVA respectively.

The four normal kinds of fault including the three-phase
to ground fault, the two-phase to ground fault, the two-phase
short fault, and the single-phase to ground fault are analyzed
by simulation and the proposed model, and the related result
of the analysis are shown in Figs. 6 - 9. The output voltage and
current of the GFM converter are recorded in the simulation,
and they are also calculated by using the proposed model.
For comparison, the simulation results are shown by the solid
line, and the results calculated by the proposed model are
highlighted by the dashed line in Figs. 6 - 9.

In all cases, the fault occurs at 1s. Before the fault oc-
currence, the converter works under normal conditions, in
which the output voltage of the GFM converter is controlled
to 1 p.u. and it injects rated power to the grid. After the
faults, because of the voltage controller, the output voltage
of the GFM converter only has a small disturbance but the
output current increases seriously. Obviously, in all cases,
the calculated results are almost perfectly consistent with
the simulation results, which verifies the correctness of the
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Fig. 7: The comparison result between the simulation and
calculation when the two phase (phase B and C) to ground
fault occurs.

The output voltage of the GFM converter
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Fig. 8: The comparison result between the simulation and
calculation when the two phase (phase B and C) short fault
occurs.

proposed model.

The output voltage of the GFM converter
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Fig. 9: The comparison result between the simulation and
calculation when the single phase (phase A) to ground fault
occurs.

IV. CONCLUSION

The fault response of GFM converters is different with that
of the synchronous generator and other types of grid-connected
converters. Thus, a new fault analysis model is required for
the GFM converter. However, there is very limited research
on it. In order to fill the research gap, this paper proposes a
fault analysis model for the droop-controlled GFM converter
based on the dynamic phasor theory. The proposed model
has a major advantage that the interaction between the grid
and converters can be analyzed simply due to the dynamic
phasor theory. Especially for the fault analysis of the large-
scale power system, such advantage of the proposed model
is more obvious. The simulation result in MATLAB/Simulink
verify the correctness of the proposed model.

In this paper, the low voltage ride through and the current
limitation of the GFM converter are not considered in the
proposed model, which will be further studied in our future
work.
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