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Modeling of Asymmetrical Grid Faults for P-HIL
Accuracy and Stability Analysis in LVRT Tests

Sante Pugliese, Member, IEEE, Marco Liserre, Fellow, IEEE, and Muhammad Usman Rafiq

Abstract—The energy systems are evolving towards a com-
prehensive and massive integration of power electronic based
technologies such as photovoltaics, wind turbines and electric
vehicles. All of these emerging and promising power conversion
technologies need to be tested for grid codes compliance, espe-
cially during severe grid fault events, before their commercialisa-
tion. Low-voltage ride-through (LVRT) field tests are conducted
to prove the ability of the converter to ride through faults.
These field tests are expensive and require bulky equipment,
whereas power-hardware-in-the-loop (P-HIL) offers a more cost-
effective and flexible alternative. However, the P-HIL must be
stable and accurate to provide reliable results. The accuracy of
a P-HIL test is directly influenced by its interface algorithm.
This paper proposes a frequency domain approach, based on the
concept of singular values in multi-input multi-output (MIMO)
systems, to study the P-HIL accuracy and stability in grid-
connected converter testing under asymmetrical line-to-line fault
conditions. The accuracy and stability analysis was performed
analytically and validated by Matlab/Simulink simulations and by
experimental P-HIL tests. This paper demonstrates that correct
fault modeling leads to correct assessment of the reactive power
injected under faults and resonances avoidance.

Index Terms—Power-hardware-in-the-loop, real-time simula-
tion, P-HIL accuracy, MIMO systems, stability criteria, LVRT.

I. INTRODUCTION

More reliable connection of the high share of renewable

energy to the electrical power system can be achieved
if the grid converters are equipped with low-voltage ride-
through (LVRT) capability. Early generation of inverters did
not provide any support mechanism to the grid. They would
feed active power into the system during normal operation and
disconnect in the event of a fault. As a result, grid operators
have defined specific rules and requirements, in the form of
grid codes [1], [2] against which inverters need to be tested
prior to their commercialisation, especially during severe grid
fault events. For example, they must support the grid by
injecting reactive power during voltage dips and ride through
faults (LVRT capability). LVRT tests are usually carried out in
the field, where a fault-ride-through (FRT) container, based on
the principle of a passive voltage divider, is connected between
the point of common coupling (PCC) of the converter and
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Fig. 1. P-HIL scheme for GFL converters testing under grid fault conditions.

the medium-voltage power grid, to emulate various voltage
dips at the PCC of the device under test (DUT) [3], [4].
In addition, according to the German FGW TR3 guidelines,
the grid short-circuit power should be at least three times
the nominal apparent power of the DUT and an X/R ratio
of at least three is required at the PCC of the DUT [3].
However, LVRT tests performed with passive voltage dividers
are expensive, time-consuming, and they require a bulky and
inflexible system developed on purpose only for such tests.

Instead, Power-hardware-in-the-loop (P-HIL) is a flexible
and effective method to test a power converter under different
realistic grid conditions and scenarios [5]-[8]. A generic P-
HIL consists of a digital real-time simulator (DRTS), a power
amplifier (PA) and a DUT, where the PA is the power interface
between the DUT and the real-time simulation, as shown in
Fig. 1. These elements are connected together via an interface
algorithm (IA), which is critical for the stability of the P-HIL
test and the accuracy of the results [9]-[12]. Therefore, the
failure scenario can be simulated in the DRTS and the DUT
behaviour can be studied and analysed in real-time.

Despite several studies on P-HIL for reconfigurable real-
time grid emulators in power systems with high penetration
of renewable and broadband frequency grid impedance have
been published in literature [13]-[18], only few of them use
and analyse the P-HIL as a tool for testing the fault behaviour
of power converters in distribution networks [16]-[18]. In all
these works, particular attention has been paid to the accuracy
and the stability analysis of the P-HIL under symmetrical grid
faults [16], [17], while only a few results on P-HIL based
LVRT tests of power converters under asymmetrical grid faults
are presented in [18]. Here it is concluded that asymmetrical
voltage dips in the grid are not accurately generated, regardless
of whether the grid emulator is in open-loop or closed-
loop control. The reason for this is that the control system
bandwidth is not wide enough to execute negative sequence
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components without gain and phase errors. However, these
conclusions were not supported by a systematic accuracy
analysis based on a mathematical model of the P-HIL under
asymmetrical faults.

In [19], the behaviour of grid-following (GFL) converters
under symmetrical and asymmetrical faults in P-HIL tests is
systematically investigated for the first time. An analytical def-
inition of accuracy based on the equivalent impedance model
of the fault is given, with particular emphasis on the effects of
the interface algorithm on the severity of the grid fault. The
accuracy analysis of the P-HIL has been carried out in the
frequency domain by using Bode diagrams for symmetrical
faults, which behave like single-input single-output (SISO)
systems. Furthermore, an innovative approach based on the
definition of singular values has been proposed to study the
P-HIL accuracy for line-to-line asymmetrical faults, which
are modelled as multi-input multi-output (MIMO) systems. In
both the cases, the ideal transformer method (ITM) has been
used as the interface algorithm. A comparison between the
results of the naturally coupled system (NCS) and the P-HIL
is performed, both in simulation and in laboratory, to prove
the correctness of the proposed model and the P-HIL accuracy
analysis.

In this paper, the models derived in [19] are used to study
the stability of P-HIL under fault scenarios, which is the added
contribution to our previous work. In fact, the proposed fault
modeling provides the grid impedance in the form of a matrix,
which is used in the stability analysis of P-HIL setups by
means of the generalized Nyquist criterion (GNC) for MIMO
systems [20]. Additionally, with the support of the stability
analysis, it is possible to properly design the bandwidth of the
low-pass filter (LPF) required to stabilise the ITM, as a trade-
off between robust stability and accuracy of the P-HIL system.
The rest of the paper is structured as follows: in Section II, the
definition of accuracy in P-HIL is given, while in Section III,
the modeling and the P-HIL accuracy analysis in line-to-line
asymmetrical fault by using the concept of singular values and
directions in MIMO systems are presented. Section I'V presents
the P-HIL stability analysis of a GFL converter connected to
a line-to-line faulty grid. In Section V, the analytical findings
of the P-HIL accuracy and stability of the previous sections
are experimentally validated. Finally, Section VI concludes the

paper.

II. DEFINITION OF ACCURACY IN P-HIL

An equivalent impedance-based representation of a P-HIL
system for GFL converter testing can be derived as shown
in Fig. 2. Here, Zpyr represents the emulated real-time
grid impedance, defined as the transfer function between
voltage and current at the PCC, which includes the model
of the simulated grid, the interface algorithm, and the power
amplifier contributions. Furthermore, Zpg; is represented
as a variable impedance since it can change during normal
or fault operation (time-varying behaviour) and its model
depends on the selected P-HIL interface algorithm. The DUT
is modelled as a current source with a parallel impedance
ZGFL-

Fig. 2. Equivalent impedance model of a P-HIL setup for GFL converter
testing.

The accuracy of a P-HIL setup in power electronics and
power system applications can be defined in terms of an error
transfer function calculated as the ratio between the emulated
impedance Zpyrr, and the ideal impedance of the plant,
ZNCs-

o {(1ZpurL(jw)| .
Zerror(jw) = ( | Zneos(jw)] )w

e£(ZpurL(jw))

e£(Znos(jw))

(D

An ideal P-HIL generates an equivalent impedance model
that behaves like the naturally coupled system all over the
relevant frequency range [12].

III. MODELING AND P-HIL ACCURACY ANALYSIS IN
ASYMMETRICAL GRID FAULTS

This section presents the modeling and accuracy analysis
of a line-to-line asymmetrical grid fault both in NCS and in
a P-HIL system based on the ITM interface algorithm. The
choice of a line-to-line fault is made to limit the analysis only
to the modeling of the positive and negative sequence voltages
experienced by a grid-connected converter, when an asymmet-
rical grid fault occurs. In fact, a line-to-line grid fault does not
generate zero-sequence voltages [21]. Furthermore, in a power
system under fault condition, the type of sag experienced by
a system connected to a given ac-bus does not only depend
on the number of phases affected by the grid fault, but it is
also influenced by the transformers located between the ac-bus
and the fault point. In grid-connected applications, an isolating
three-phase transformer is usually connected at the PCC of
the converter. As a result, the amplitude and phase of the
unbalanced voltages resulting from a given fault are modified
into a new type of fault when propagating through three-phase
transformers. Moreover, the zero-sequence component present
in line-to-ground faults does not propagate from the grid-side
to the converter-side of the transformer. For these reasons, and
without loss of generality, a line-to-line fault is considered in
this paper. However, similar modeling and P-HIL accuracy
results can be obtained by considering other types of faults,
such as symmetrical faults in [19].

A. Line-to-Line Asymmetrical Grid Fault Modeling

An overview of the system under investigation is given in
Fig. 3. It shows the three-phase circuit of an asymmetrical
line-to-line grid fault, where a GFL converter (i.e. the DUT),
modelled with ideal current sources, is connected to the PCC
and injects positive and negative sequence currents in each
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Fig. 3. Three-phase circuit of a line-to-line grid fault between phase-b and
phase-c.

phase. The power grid is modelled with a symmetrical and
positive voltage (vs). In the line-to-line grid fault under inves-
tigation, phase-b and phase-c are short-circuited, so the voltage
at the fault point v is equal to v/, (v, = v.). The currents
at the fault point satisfy the following conditions: for phase-
b and phase-c, they are equal and opposite, i; = —i., while
for phase-a, i/, = 0. Given these conditions, the equivalent
model at the sequence components of the line-to-line fault can
be derived. The positive, the negative and the zero-sequence
voltages (v}, v, v2,) and currents (i, i_,, i%,) at the fault
point are calculated with the Fortescue transformation as:

vl 1 (1 a %] [v) 1 v, — U}

v, | = 3 1 o af |v]|= 3 v, — U (2)
vY | 11 1 [v vl + 2v;
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where o = ¢35 is the Fortescue operator. The voltage phasors
in (2) indicate that the positive and negative sequence voltage
components are equal at the fault point, vi‘, = v,,. Likewise,
the current phasors in (3) indicate that the zero-sequence
component of the line currents is zero in a line-to-line fault,
while the positive and negative sequence currents satisfy the
condition i, = —i,.

Figure 4 shows, for each phase, the equivalent positive and
negative sequence-based circuit of a GFL converter connected
at the PCC of a line-to-line grid fault. The zero-sequence
model is neglected as it does not contribute to the PCC voltage,
vg = 0. Assuming that the positive and negative sequence line
impedances at the source side are equal, (i.e. Z;r =Zg =12s3)
and that the GFL current contribution is zero, the circuit in
Fig. 4 results in the following voltages at the PCC for phase-a:
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Fig. 4. Positive and negative sequence components based circuit of a GFL
converter connected at the PCC of a line-to-line asymmetrical grid fault.

The severity of the grid fault observed at the PCC can be
assessed by means of the dip parameter D, which is defined
as follows:

(ZF + Zz)
275+ (Zh +Z5)

D= )

The dip parameter D = D/pp defines the relationship
between the line impedance at the fault side Zr and the source
side Zg. Its magnitude depends on the distance between the
PCC and the fault point, while its phase depends on the X/R
ratio on both sides of the PCC. The positive and negative
sequence voltages at the PCC of phase-a in (4) can be written
as a function of D:

+ D) 3+
va D DT ©)
Vg 2|11-D D
with: 1 1
13+=§(1+5), 5—:5(1—13). 7

The products DtoJ, and D~vl, in (6) are known as the
‘characteristic voltage’ of the voltage sag, for the positive and
negative sequences respectively [21]. Applying the superposi-
tion theorem to the sequences circuit in Fig. 4, the sequence
voltages at the PCC for phase-a can be written as a function
of the source voltage v, the positive and negative sequence

sa’

currents (i} and ;) of the GFL converter as follows:

+ _ pPt,+ + -+ - i—
Va =D Usa+ZNCSZa +ZNCSZU,

. ®)
- _ — + - '+ + p—
Vq =D Usa+ZNCSZa +ZNCSZ¢I
where:
ZYos=D"Zs, Zyos =D Zs. )
With v:, = v,,, the sequence components for phase-b and
phase-c at the fault point are given by
+ _ 2+ - _ 2, — + _ o=
vy, = vy, v, =Qv, = v, =, (10)
v = av’ v, =av, = vl =uv;,
c a’’ b a’ c Vb



The equivalent sequence-based representation of phase-b and
phase-c is shown in Fig. 4, while in (11) and (12) are given
the PCC sequence voltages associated with the voltage sources
of phase-b and phase-c respectively. Due to the short-circuit,
the contributions of i; and ¢, can be seen on the positive
sequence of phase-b and phase-c, respectively.

+_ Bt + o+ - -
v, =DTvg + Zyeosty, +Zneste

= . _ (11)
vy = D7l + Zyesit + Zfests
v = DYl + Z{csid + Znesiy (12)

- — Pt - 4+ + -
v, =D g+ Zyesic + Znoshy
The former equations (8), (11) and (12) can be rearranged
in terms of positive and negative sequence vectors in the
stationary abc-reference frame as follows,

vlzir =D Ui? +Zncos Zl—jo— +Zycs e (13)
_Uc _ _Usc_ _Zc _ _Zb i
S~—— S—— ~—~— S~
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and in a more compact notation, (13) and (14) result in:
+ 5+ + - i+
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v D Znes Znes) |t

Equation (15) represents the equivalent Thevenin MIMO
model of a line-to-line grid fault as it appears at the PCC of a
GFL converter. The fault impedance of the NCS is defined in
terms of a (2x2) transfer matrix by considering the positive and
negative sequence current contributions. In (15), 2" and ¢~ are
rotating vectors in the it — & complex plane and they represent
for the positive and negative sequence components of the input
current (e.g. GFL current) vector, respectively. While, v and
v~ are the positive and negative sequence components of the
output voltage (e.g. PCC voltage) vector, respectively.

B. Modeling of Line-to-Line Grid Faults in P-HIL

This section provides the equivalent P-HIL representation
of a line-to-line grid fault, like the one in Fig. 3, when it
is simulated in a DRTS. The ITM interface algorithm has
been used to close the P-HIL. Figure 5 shows an equivalent
sequence-based representation of phase-a in the ITM-based P-
HIL. The positive and negative sequence hardware currents of
the GFL converter are measured and fed into the DRTS. Here
the currents are sampled with a time step of Trr = 50 us,
filtered with a stabilising first-order LPF,

We
S+ we

Grpr = (16)

and fed into the positive and negative equivalent sub-circuit
model of the PCC via an ideal current source. At the same
time, the PCC positive and negative sequence voltages sensed
on the DRTS side are sent to the PA, closing the loop. The

+
vl A

..........
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i

Fig. 5. Sequence-based representation of the not-faulty phase (phase-a) in a
line-to-line grid fault with ITM-based P-HIL.

LPF bandwidth, w,, is chosen as a trade-off between accuracy
and stability of the P-HIL, since the lower the bandwidth, the
less accurate the system [11]. Its design is presented in detail
in Section IV-C.

Gg,rr and G4 p 4 are the delays due to the DRTS sampling
and the PA respectively. Each delay is represented by an
equivalent first-order Padé approximation transfer function as
Gd’x(s):

2—T,s
24 T,s
where 7T, is a generic z time delay, and it can assume the
specific value of the DRTS delay (Irr), or the PA delay
(Tpa). In Fig. 5, Zp4 is the impedance of an ac-filter used
at the coupling point between the DUT and the PA, and it is
expressed as:

Gax(s) a7

Zpa(s) = Lpas+ Rpa (18)

where L,, and R,, are the inductive and resistive part of
the ac-filter, respectively. The positive and negative sequence
voltages of phase-a at the PCC, on the hardware side, are
derived as follows:

UIJSHIL,a = Gd’PAﬁJrU:a + ZF it + Zpyiria (19)
VpHIL,a = GapaAD vl + Zpy pid + Z e
where:
Zhun = GrprGarrGapaDt Zs+ Zpa 20)

Login = GLPFGd,RTGd,PA[jiZS
Figure 6 shows the sequence representation of the faulty
phases (phase-b and phase-c) in the ITM-based P-HIL. In
this case, the positive and negative PCC currents of phase-
b and phase-c are fed into the current sources of the DRTS
accordingly. Similarly, the PCC voltage equations for phase-b
and phase-c of the main power supply are derived in (21) and
(22) respectively.
Vpprny = GapaD vl + Zhy i) + Zpyyic 21
UpHIL,e = Ga,paAD™ 0l + Zpy i + ZhuLic



Fig. 6. Sequence-based representation of the faulty phases (phase-b and phase-
c) in a line-to-line grid fault with ITM-based P-HIL.

’U;HIL,C = GapaD ol + Z5yid + Zpyity 22)
VpHILD = GapaD vl + Zpy it + Zhy iy
The previous equations for the PCC voltages of the P-HIL,
(19), (21) and (22) can be rearranged in terms of positive
and negative sequence vectors in the stationary abc-reference

frame as follows

I o . .
e 3+ U% + lz o
vpy| = Ga,paD Uﬁf +ZpurL Zb+ +Zpyrr |te
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_'UP,b_ [ VUsc L% ] K
_ + 4 .
VpHIL Vs * *
24

and in a more compact notation, (23) and (24) result in:

—
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Equation (25) represents the equivalent Thevenin MIMO
model of a line-to-line grid fault as it appears at the PCC of
a GFL converter in an ITM-based P-HIL.

C. Accuracy Analysis of Line-to-Line Grid Faults in P-HIL

In case of asymmetrical faults, the converter should in-
ject both positive and negative sequence currents into the

faulted PCC [1]-[3]. In (25), the positive and negative voltage
sag characteristics ﬁivj are multiplied by the PA delay
transfer function, G4 pa. However, it can be assumed that
Gd7pA5iU: ~ ﬁivj since the contribution of G4 p4 in the
magnitude and phase is negligible at low frequencies (i.e. at the
fundamental frequency). With this assumption, the accuracy
can be studied by comparing the equivalent fault impedance
of both the NCS and the P-HIL. These are defined as a (2x2)
MIMO system when taking into account their positive and
negative sequence contribution.

o) 20

y/
Z is equal to Zy in the NCS, and equal to Zp in the P-HIL.

(26)

N = [ZJ—GCS Z&CSi| , Zp = {Z;HIL

ZI;HIL]
27
Znos “nes Zpuin Zp

PHIL

In P-HIL accuracy analysis, it is important to derive the
dynamic response of the system in the frequency domain. P-
HIL in asymmetrical faults has a MIMO nature, and defining
the gain of the system at given frequencies is not a simple task
in such systems where the input and output signals are both
vectors. A MIMO system has additional degrees of freedom
and the system gain also depends on the direction of the input
vector. In general, the magnitudes of the eigenvalues of a trans-
fer function matrix, e.g. |A\;(Z(jw))|, do not provide a useful
means of generalising the SISO gain, |Z(jw)|. Eigenvalues
are a poor measure of gain, because they measure the gain for
the special case when the inputs and the outputs are in the
same direction, namely in the direction of the eigenvectors
[22]. Eigenvalues can be useful for stability analysis, but
not for performance analysis, such as frequency-domain error
functions which are used to evaluate the effectiveness of a
feedback control. Instead, the singular values are suitable for
evaluating the dynamic response of MIMO systems in the
frequency domain and are used in this paper to study the P-
HIL accuracy under asymmetrical grid fault conditions.

Singular Values Definition: the singular values of a rank-
r matrix A € C(m#) and denoted as o;(A), are the non-
negative square roots of the eigenvalues of A7 A ordered such
that o1 > 09 > ... > 0, > 0, p = min{m, n}.

oi(A) =

Ai(ATA) (28)

If » < p then there are (p — r) zero singular values, i.e.,
Opt1 = Opq2 = ... = 0, = 0. The greatest singular value oy
is denoted as 7(A) = 0. When A is a square (nxn) matrix,
then the n-th singular value (i.e., the least singular value) is
denoted as o(A) £ o,,.

Singular value decomposition (SVD): is a valuable concept
for understanding the MIMO system in the frequency domain.
SVD states that any matrix A(;,xn) can be decomposed
into an output rotation U, xm), a scaling Z(mxn)’ and an
input rotation matrix Waxn). The diagonal entries of ) are
the rank-r non-negative and not-zero singular values of the
system, o;(A), arranged in descending order along its main
diagonal, while the other entries are zero.
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SVD Symmetry Corollary: if A is a symmetric matrix the
singular values are the absolute values of the eigenvalues of
A: 0;(A) = |N(A)).

Input and output directions: The column vectors of U,
denoted as u;, represent the output directions of the system and
they are orthogonal ulu; = 1, ul'u; = 0, i # j and orthonor-
mal (unit length) each others. Similarly, the column vectors of
W, denoted as w;, represent the input directions of the system,
and they are orthogonal and orthonormal each others. These
input and output directions are related through the singular
values and in particular, the vector w = w; corresponds to
the input direction with the largest amplification 7(A), while
the vector w = w,, corresponds to the input direction with the
smallest amplification o(A):

|Aw]|,

) IAwlls
A) = A) = .
A =T, 2= T,

€29

The system under investigation, namely Z(jw) in (26), is
a (2x2) symmetric transfer matrix with two different singular
values. For each angular frequency w, these singular values
represent the maximum and minimum gain of the system
as the input current vector i = [iT 4|7 varies in all
possible directions. Since Z(jw) is a symmetric matrix, the
SVD symmetry corollary holds and the singular values can be

derived from the eigenvalues as follows:

o(w) = maz{| A1 (jw)l, [A2(jw)[}

o(w) = min{|\ ()], (i)} G2
where:
M) = M(Z(w) = Z7G) + 27 G)
Ma(jew) = Aa(Z(jw)) = Z* (jw) — 2~ (jw).

A1(jw) and Mg (jw) are the eigenvalues of Z(jw) calculated at
w in closed form as det[\I—Z(jw)] = 0. The input directions
associated with each singular value can be obtained from the
SVD applied to the symmetric transfer matrix Z(jw). Due to
the symmetry of Z(jw), the input directions of the rotation
matrix W, associated to the maximum and minimum singular
values at w, = 2750 rad/s, are:
v2/2

o[- =) o

Equation (34) gives the conditions under which the input
current vector excites the maximum and minimum system
gains at the fundamental frequency. The maximum gain is

obtained when the components of the input vector are equal,
wT = w~, while the minimum gain is obtained when the
components are opposite in sign, w™ = —w~. The following
conditions apply to the magnitude and the phase of the GFL

positive and negative sequence currents at w,:
for 7(w,) then (|it] =i |)A (LT = 4i7)

for o(w,) then (|i| =i |)A(Lit = Zi™ + 7). 33)

The singular values of the impedance matrix Zy and Zp,
based on the system parameters given in Table I, are shown
in Fig. 7(a). In short, it can be seen that as the input current
vector is varied in any direction, the system gain will always
remain within the internal region defined by these singular
value curves.

The singular value concept can be used to evaluate the
accuracy of the P-HIL system. The accuracy between the P-
HIL and the NCS impedance can be evaluated by calculating
the ratio between the P-HIL and NCS impedance:

Zerror (j00) = Zp(jw) [Zn(jw)] "

where Zeror provides the error transfer matrix between the
P-HIL and the NCS, when the inverse of Zy exists. Based on
(36), an ideal P-HIL generates an impedance transfer matrix
that behaves like the NCS, with Zewor = I (identity matrix)
and singular values of Zerror €qual to 1 (or equal to 0 dB)
over the frequencies of interest. However, the P-HIL is not
able to correctly reproduce the behaviour of the NCS at any
frequency, especially at high frequencies where the effect of
the delays is pronounced. This finding is also confirmed in Fig.
7(b), which shows the singular values of the Zepor matrix.
Zerror 1s 2 (2x2) MIMO transfer matrix with two different
singular values that can be evaluated at any given frequency.
At the fundamental frequency, the maximum and minimum
gain values are G....(j2750) = 4 dB and o,,,.(j2750) = 2.2
dB respectively. They represent the gain error between the P-
HIL and the NCS impedance at 50 Hz. The aim of an accurate
P-HIL is to achieve zero gain error, however both singular

(36)

TABLE I
OVERALL SYSTEM PARAMETERS
Parameters Value
Converter Rated Apparent Power (S;-gted) 5 kVA
DC-Link Voltage (vrv pc) 700 V
Nominal Grid Voltage in RMS (vs) 220V
Nominal Angular Grid Frequency (wo) 2750 rad/s
Switching and Sampling Frequency (fsw) 10 kHz
Inductive Filter (L) 5 mH
Transformer Leakage Inductance (Lg) 0.5 mH
Capacitive Filter (Rg, Cy) (10 Q, 1.5 uF)
PA Output Impedance (Rpa,Lpa) (0.01 2, 2.4 mH)
RTDS Time-Step (T'rT) 50 ps
Low-Pass Filter Bandwidth (w.) 27 (450) rad/s
Short Circuit Ratio (SC'R) 16
X/R Ratio 10
Grid Impedance (Rg, Lg) (0.25 2, 8 mH)
Dip Parameter (5) 0.5 20
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Fig. 7. Singular values plots: (a) Zx and Zp, (b) Zerror under a line-to-line
fault with D = 0.5 £0, Zp 4 # 0 and 450 Hz LPF bandwidth.

values show gain error even at the fundamental frequency. The
required P-HIL accuracy depends on the frequency range of
the power system phenomena being investigated. For instance,
if the analysis is performed under steady-state conditions, the
P-HIL must perfectly reproduce the NCS at least at the grid
frequency. To test grid-connected converters in a short-circuit
scenario, the frequencies below 1 kHz must be accurately
represented [12]. Therefore, the ITM-based P-HIL lacks in
terms of reliability of the test results.

D. Simulation Results of Line-to-Line Grid Faults in P-HIL

Simulation analyses were performed to validate the singular
values of the Zeror transfer matrix. A line-to-line grid fault
is simulated in both the NCS and in the DRTS of the P-HIL
by setting the fault-side impedance Zp to be equal to the grid
impedance Zg, (Zs = ZF), resulting in a positive sequence
voltage of 0.75 per unit (p.u.) and a negative sequence voltage
of 0.25 p.u. at the PCC. In the following analysis, the GFL
converter is connected to the faulty grid while the source volt-
age is assumed to be zero, v = 0. The GFL converter injects
both positive and negative sequence current components such
that they are identical in magnitude but shifted in phase by
7, 37 = —i7). Figure 8 shows the positive and negative
sequence voltages at the PCC in both P-HIL and NCS. The
amplitude of the positive and negative sequence voltages in
the P-HIL is higher than in the NCS, showing a gain error of
4 dB in both cases, which is also the maximum singular value
gain of Zerror at 50 Hz. Zerror therefore provides the maximum
singular value when the input current vector components are
of equal magnitude and m-shifted in phase.

In a second test, the positive and negative sequence current
components injected by the GFL converter have equal magni-
tude and initial phase, (" = i~). Figure 9 shows the positive
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and negative sequence voltages at the PCC, whereas the gain
error between P-HIL and NCS voltages is 2.2 dB, which
is the lowest singular value of Zemor. It has therefore been
confirmed that Zepor provides the minimum singular value
when the input vector components are of the same magnitude
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Fig. 10. Singular valuﬂes plots: (top) Zn and Zp, (bottom) Zerror under a
line-to-line fault with D = 0.5 Z0, Zp 4 = 0 and 200 Hz LPF bandwidth.

and phase. These results prove that a different PCC voltage
gain is expected from the NCS and the P-HIL when the fault
is supported by the same injected current values. In turn, a
different amount of reactive power is required to achieve the
same voltage recovery under LVRT test conditions, as it will
be shown in Section V-A.

E. Accuracy Analysis of Line-to-Line Grid Faults in P-HIL
Under Ideal Conditions (Zpa = 0)

The low frequency error can be explained as a side effect
of the not negligible output impedance of the PA, Zp4. In
fact, in an ideal scenario with Zp 4 = 0, the singular values of
the matrix Zp would be reshaped at low frequency, as shown
in Fig. 10. Here, it is shown an increased the accuracy in the
very low-frequency range and up to 100 Hz, at the expense
of an increasing error in the high-frequency range. This error
is the result of a more selective LPF bandwidth (w. = 27200
rad/s) needed to stabilise the P-HIL when Zp 4 = 0. The LPF
removes the high-frequency dynamics of the fault from the
model, resulting in different transient behaviour between the P-
HIL and the NCS after the fault is applied. At the fundamental
frequency, the magnitude error is close to O dB, indicating
high P-HIL accuracy in steady-state conditions. This analysis
is also confirmed by simulations as shown in Figs. 11-12. A
time-shift between the P-HIL and the NCS voltages can be
seen due to the non-negligible LPF effects on the phase of the
fault impedance already at the fundamental frequency.

The transient behaviour of the PCC voltage in the real
(Zpa # 0) and ideal case (Zp4 = 0), when a line-to-line fault
is applied to both the P-HIL and the NCS, is then analysed.
At t = 0.15s a line-to-line fault, with D=05 Z0, is applied
between phase-b and phase-c, while P* = 0 kW and Q*=
2 kVAR are kept constant before and after the fault. The
results of the comparison between the P-HIL and the NCS
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in the real and ideal case are shown in Fig. 13 and Fig. 14
respectively. The P-HIL shows a good match with the transient
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Fig. 13. PCC voltages transient behaviour in P-HIL and NCS under a line-
to-line fault with D = 0.5 £0, Zp4 # 0, P* =0 kW and Q*= 2 kVAR.

behaviour of the NCS when Zp4 # 0. This is due to the
ability of the output filter impedance Zp4 to better emulate
the model of the grid impedance at high-frequencies, as also
confirmed by the singular values plots in Fig. 7. Instead, when
Zpa = 0, the transient behaviour of the P-HIL shows high
inrush voltages at the PCC, which can be dangerous for the
safety of the hardware components. After the inrush point,
the high-frequency dynamics are attenuated by the action of
the LPF which is designed with a bandwidth of 200 Hz for
stability reasons (240 Hz is the critical frequency in this case).

IV. P-HIL STABILITY ANALYSIS IN ASYMMETRICAL
GRID FAULTS

The control structure of a three-phase grid-connected volt-
age source converter (VSC) in stationary «3-frame, operating
under unbalanced grid condition, is shown in Fig. 15. The
voltage across the capacitor of the LCL, vcy, is measured and
sent to the dual second-order generalized integrator frequency-
locked loop (DSOGI-FLL) for grid synchronization purpose
and for extracting the positive-negative sequence components
in the grid voltage [23]. An average active-reactive control
(AARC) generates the necessary current reference in a3-frame
to cancel out the second-order oscillation in the output active
or reactive power, under specific reference conditions. As an
example, if only reactive power is injected into the grid by
using AARC, P* = 0 kW and @Q* # 0 kVAR, the residual
instantaneous active power delivered to the grid is zero and
without oscillations [21]. The AARC current references, in
ap-frame, are calculated as follows:
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where vé: ¢ is an orthogonal (90° leading) version of the
measured voltage vector vcy, while |v, sl and v (| are the
amplitudes of the positive and negative sequence components
of vcy, respectively. Proportional-resonant (PR) controllers in
af-frame are used to track sinusoidal current references com-
posed of positive and negative sequence components without
steady-state error and without any additional reference frame
transformation, closing the current control loop [24].
The PR current controller is expressed as:

Gcc(s) = Kp,cc + Kr, (38)

ccm
where K, .. and K. .. are the proportional and resonant gain
of the current controller respectively, while wy is the nominal
grid angular frequency. Gpwas(s) is the transfer function
obtained by combining the computational and the pulse width
modulation (PWM) delays:

1

T 15Tus + 1 (39

Gpwm(s)

where T is the converter sampling time. Gf(s) is the open-
loop admittance of the LCL filter from the converter side to
the grid side, and it is expressed as:

i(s) Zef
vpwm(8)  ZrfZrg+ ZrpZoy + ZLgZCJE4O)

Gy(s) =
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Fig. 15. AARC power and current control structure of a GFL converter under
unbalanced grid conditions.

where Zr¢, Zcy and Zp 4 are the impedance of the inductive
and capacitive components of the LCL filter, including a
damping resistance 4 in series to the capacitor C}.

A. Converter Output Admittance Model

The admittance model of the whole power converter system
can be deduced in its general formulation by paralleling the
output admittance of the VSC with the admittance of the
synchronization unit [20].

In this paper, the effects of the synchronization unit on the
overall output admittance, and consequently on the stability of
the P-HIL, are neglected. In fact, the DSOGI-FLL contributes
to the overall admittance only at low frequencies (around the
nominal frequency), while P-HIL instabilities appear mainly
in high-frequency range since they are related to the effects
of delays in the loop. Neglecting the synchronization dynamic
allows to decouple the positive and negative sequence output
admittance of the converter, resulting in a (2x2) diagonal
matrix, Y,. The output admittance of the VSC in the positive
and negative sequence frame can be expressed by considering
the current controller G,.(s), the PWM transfer function
Gpwum(s), and the current filter G (s), as

Gf (1+ ZLf)

_ Zey
1+ GeeGpwmGy'

(41)

Y, O
Y0|:0 Y;:|’Y0($)

B. Multi-Variable Impedance-Based Stability Analysis

The impedance-based criterion in [25] is used to determine
the stability of grid-connected converters. Assuming the small-
signal model of the grid as an ideal voltage source with in
series an impedance Z(s), and assuming that the converter can
be modelled as a controlled current source with in parallel an
output admittance Y, (s), the inverter will operate stably if the
so-called return ratio L(s) = Z(s)Y,(s) satisfies the Nyquist
criterion [25].

In case of MIMO systems, the multi-variable control system
theory should be applied for stability assessment. The gener-
alized Nyquist criterion can be used as it provides a sufficient
and necessary stability condition and does not suffer from
excessive conservatism. The return ratio (or minor loop) L(s)
for the system under analysis can be expressed as follows:

- ol sl

L(s) =Z(s)Y,(s) = [Z z+ o v, 42)

The eigenvalue loci of the interconnected system, X;(L(s)),
can be calculated as the eigenvalues of the return ratio L(s)
by imposing the following condition, det[A\I-L(s)] = 0.

AM(L(s)) = (ZF + Z7)Y,
Ao(L(s)) = (ZF — Z7)Y,

From (43) it results that the system has two eigenvalues, and
for the generalized Nyquist criterion, if the minor loop gain
L(s) has no right-half plane poles, then the closed-loop system
is stable if both the Nyquist loci of A;(L(s)) and A2(L(s))
do not encircle the point (—1, 50).

(43)

C. Application of the GNC to the System Under Study

In the following, the GNC presented in the previous section
is adopted to assess the stability of an ITM-based P-HIL
without and with LPF, G pp(s), for the system under study
(see parameters in Table I).

As first step, it has been verified (but not here reported)
that the return ratio L(s) has no right-half plane poles in none
of the cases under study. Then, Fig. 16 plots the eigenvalues
of the return ratio for an ITM-based P-HIL, when none LPF
filter is applied to the measured currents. Both the eigenvalues
encircle the critical point (—1,30), indicating an unstable
interconnected system. A similar analysis is performed for an
LPF based ITM with a bandwidth of 450 Hz. The return ratio
eigenvalues are plotted in Fig. 17, and none of them encircle
the critical point (—1, j0), indicating a stable interconnected
system. The filter bandwidth design is based on a compromise
between accuracy and stability. The higher is the LPF band-
width, the more accurate is the P-HIL at high frequencies,
however the closer is the system to the instability, and vice
versa.

Based on the system parameters given in Table I, an LPF
bandwidth of w, = 27(450) rad/s is selected. The phase mar-
gins (PMs) of the interconnected system are calculated at the
crossing frequency between the converter output impedance,
Z, =1/Y,, and the eigenvalues of the fault matrix impedance
Z(s), which are \{(Z(s)) = (ZT + Z7) and X2(Z(s)) =
(Z+ —Z7). With the selected LPF design, the system presents
two minimum PMs, PM; = 20° and PMy; = 28° (one for
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Fig. 16. Nyquist plot of A\1(L(s)) and A2(L(s)) in ITM w/o LPE.
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Fig. 17. Nyquist plot of A1(L(s)) and A2(L(s)) in ITM with 450 Hz LPF.

each eigenvalue), as shown in Fig. 18. In general, the smallest
PM is also the most critical for the stability. For the specific
system under analysis, the smallest PM is the one associated
to the eigenvalue A;(Z(s)), and it is calculated at the crossing
frequency of 3.52 kHz (PM; = 20°). This frequency is
crucial for a correct stability assessment as it provides detailed
information about the frequency range where critically damped
oscillations are expected in the real system. Moreover, it
provides insights into the frequency response nature of not
modelled dynamics and/or parametric uncertainties that may
affect the system stability.

D. Effects of the Sampling Time on the P-HIL Stability

With regard to the specific system under investigation, the
P-HIL delays strongly affect the phase of the closed-loop
system at high-frequencies. As a consequence, uncertainties
in the estimated loop delays can lead to a misjudgment of
the stability margin and, consequently, the stability of the
real system. These findings were verified by a robust stability
analysis against the effects of an increasing sampling time.
Figure 19 shows the impedance-based stability analysis of the
investigated system as the sampling time increases from Trp
= 50 ps to Trr = 150 ws. The resulting fault impedance
shows a significant deviation in the phase around 3.1 kHz
with respect to the previous case in Fig. 18. This deviation
results in a reduced stability margin of the whole system, as
confirmed by the critical phase margin PM; = 0° associated
with the eigenvalue A;(Z(s)). Under this marginally stable
condition, a stabilising action would require a reduction of
the LPF bandwidth.

E. Necessary Conditions for P-HIL Transient Stability

According to recent German grid codes [1]-[3], dual-
sequence current injection is required by the power converter
during asymmetrical faults. Under grid faults and weak-grid
conditions, converter instability may occur as the synchroniza-
tion unit is unable to remain synchronized with the voltage at
the point of connection. This transient instability phenomenon
is called loss of synchronization [26]. A static model iden-
tifying the necessary conditions for synchronization stability
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Fig. 18. Impedance-based stability analysis of a P-HIL for GFL converter
testing under line-to-line fault, in ITM with 450 Hz LPF bandwidth and a
time step of Trr = 50 us.
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Fig. 19. Impedance-based stability analysis of a P-HIL for GFL converter
testing under line-to-line fault, in ITM with 450 Hz LPF bandwidth and a
time step of Trr = 150 us.

during asymmetrical grid faults was presented in [26]. Here, it
was recognized that the instability occurs as a power transfer
problem in an IR L-circuit between the converter and the faulted
bus. The necessary conditions for the transient stability are
given in two-sequence reference frames that are coupled to
each other at the fault point. In steady-state condition, when
the synchronization is perfectly achieved in the dg™-positive
and dq~-negative rotating reference frame, v = v, = 0. The

q
necessary conditions for a stable synchronization after a fault



disturbance are the following:

It < D1V
|2, sin(ér, +07)] )
e D7V

= 121, sinog, +6;)]

where Zp,, and qﬁi) are the magnitude and phase impedance
of the three-phase transformer used to isolate the converter
from the grid, respectively. = and t‘)li are the magnitude and
phase of the injected positive and negative sequence currents,
respectively. |DTV,| and |D~V,| define the severity of the
voltage sag at 50 Hz, for the positive and negative sequences
respectively. Under pure reactive current injection, likewise
during LVRT scenario, this condition holds: 91i = +3. In
this case, the necessary stability conditions are defined by the
voltage magnitude at the PCC and the transformer resistance,
RLg, as follows:

- 43)
- < 1DV
= RL .

9

Equation (45) defines the boundaries for a stable transient
operation of the converter under asymmetrical grid fault con-
ditions. This stable operating range may decrease depending
on the severity D, and based on the type of fault (e.g. line-to-
line, single-line-to-ground, double-line-to-ground). It is worth
to mention that (44) and (45) are valid under the condition
that the converter currents have a negligible influence on the
voltage sequence components at the fault location. This is not
realistic, but it is a good way to test the transient stability
limits of the synchronization unit. Under this assumption, the
transient stability limits in a P-HIL based LVRT test can be
expressed as follows:

|Ga,paD*Vy| _ |D*V|

I'< R R
Fa b (46)
- < |Ga,paD~ V4| ~ | D~V
- Ry, Ry, '

g9 9

The P-HIL transient stability limits can be approximated to
those of the NCS since the PA delay is negligible at 50 Hz,
where the limit conditions are evaluated instead. In (46), Ry,
represents only for the copper losses of the transformer, and it
is estimated to be in the order of few m(). Consequently, the
transient stability limits, in an LVRT test with pure reactive
power injection, are large enough to avoid instability due to
the loss of synchronization after any fault occurrence, even in
case of severe faults. This is confirmed by the simulations on
the transient behaviour shown in Fig. 13 and Fig. 14. A smooth
transition from a no-fault to a fault condition is achieved under
an AARC with pure reactive power injection.

V. EXPERIMENTAL RESULTS

Experimental tests in a laboratory environment have been
performed to validate the results of the previous analyses. A
picture of the P-HIL facility at the CAU in Kiel is shown

|
Linear Power Amplifier ==

10+

Singular Values (dB)
o

-10 4
50 Hz

-20 Bt |
10° 10’ 102 10° 104
Frequency (Hz)

Fig. 21. Experimental P-HIL singular values measurements vs NCS and
simulation results in asymmetrical line-to-line grid fault.

in Fig. 20. A Danfoss Series FC-302 converter, with 5 kVA
rated power, operating with a switching frequency of 10 kHz
and equipped with an LCL output filter, is used as dc/ac
converter. The converter is connected to a 4-quadrant linear
power amplifier PAS 15000 from Spitzenberger-Spies (total
three-phase rated power 45 kVA). The control algorithm of
the GFL converter is implemented in a dSPACE DS1202
MicroLabBox. The grid fault is simulated in real-time by
means of a Real-Time Digital Simulator (RTDS), where also a
DSOGI-FLL structure is implemented to estimate in real-time
the amplitude of the positive/negative-sequence components of
the voltage and current measured the PCC. According to the
German FGW TR3 guidelines for LVRT testing, an SCR = 16
and an X/R ratio = 10 are used in the mentioned P-HIL setup.
The overall system parameters are given in Table I.

A. P-HIL Accuracy Validation in Laboratory

To assess the P-HIL accuracy, the singular values of the
emulated grid are derived experimentally. A routine for P-
HIL singular values estimation is implemented in the GFL
control scheme by injecting the appropriate current vectors to
get o+ i) and O (it —i—)» when the source voltage is assumed
to be zero, i.e., v = 0. A mono-frequency perturbing current
with adjustable amplitude and frequency is generated at the
converter output current range, from 50 Hz to 1 kHz. The
magnitude of the three-phase positive/negative sequence of



the voltages and currents at the PCC are measured for each
frequency in the RTDS side. The singular values are derived as
positive (negative) sequence voltages over positive (negative)
sequence currents amplitude ratios. The frequency resolution
of the implemented method is equal to 50 Hz. Figure 21
shows the results of the singular values measurements from
the laboratory P-HIL, and compare them with those of the
analytical P-HIL model, Zp, and those of the NCS, Zy. It can
be observed that the singular values of the real P-HIL match
with the analytical one, Zp, validating the analytical findings.
Furthermore, the singular values of both the previous systems
show a deviation with respect to the NCS singular values as
expected from the frequency domain analysis.

A LVRT testing of the GFL converter has been performed in
the laboratory P-HIL system, and the results have been com-
pared with those of the NCS. The GFL converter under test is
connected at its PCC to an emulated low-voltage distribution
network with the power rating and the grid parameters given
in Table I. The AARC has been implemented to generate the
current reference of the GFL converter which is physically
connected at the power amplifier side of the emulated grid.
The converter injects Qprrr= 3 kVAR and Ppgrr= 0 kW
at t = 0.07s, whereas a line-to-line fault (between phase-b
and phase-c) is emulated in the RTDS side, as shown in Fig.
22. The same grid conditions has been replicated in a NCS
simulation, while in this case the converter injects Qncos=
4 kVAR and Ppgrr= 0 kW. It can be seen that the voltage
at the PCC is equal in both the P-HIL and NCS, moreover
the voltage increased of the 7.2% in both the cases. The
positive/negative sequence voltages of the P-HIL and NCS
have the same behaviour at different reactive power conditions.
The P-HIL setup shows an 1 kVAR reduction (about 20% of
Srateq) 1n the required reactive power with respect to the NCS,
when the same voltage support is provided. This result proves
that different findings in LVRT testing can be obtained in P-
HIL setups and confirms how P-HIL accuracy is crucial for
correct LVRT compliance testing. Finally, the experimental
findings prove that the ITM lacks in terms of accuracy and
reliability of the results.

B. P-HIL Stability Assessment in Laboratory

An assessment of the P-HIL stability boundary in terms of
maximum LPF bandwidth of the ITM has been performed
in the laboratory, during LVRT testing of GFL converters.
Also in this case the AARC has been used to generate the
current reference of the GFL convert, while injecting constant
QPHIL: 2 kVAR and Ppgrr,= 0 kW. To find the stability
limits of the system, the LPF bandwidth of the ITM has been
increased until critically damped oscillations were observed as
result of a 0.3 p.u. step variation in the main voltage supply, vs.
From experiments, critical oscillations with a period of 280 us
were observed and shown in Fig. 23, when a LPF bandwidth
of w, = 2m(550) rad/s is used. From the stability point of
view, the period of the oscillations confirms that critical PMs
are expected at frequencies around 3.57 kHz, when the LPF
bandwidth is increased above the designed value.
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Fig. 22. Laboratory LVRT test of a GFL converter equipped with AARC in
P-HIL and NCS under a line-to-line asymmetrical fault with D =05 £0.
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VI. CONCLUSION

This paper gives the guideline to model asymmetrical grid
faults with the aim of assessing P-HIL accuracy and stability
in LVRT converter testing. The concept of singular values of
MIMO systems is proposed to derive the P-HIL dynamic re-
sponse in the frequency domain and study the P-HIL accuracy
under line-to-line asymmetrical faults. Moreover, the stability
of the overall P-HIL system, consisting of a GFL converter
connected to a faulty and asymmetrical grid, is studied using
the generalized Nyquist criteria for MIMO systems. LVRT
testing of a GFL converter in a real P-HIL setup has shown
a 20% reduction (% of S.,.4tcq) in the required reactive power
with respect to the NCS, when the same voltage support is pro-
vided. Analytical and experimental findings prove that ITM-
based P-HIL lacks in terms of reliability of the test results,
and more investigation is needed to find the best interface
algorithm for LVRT testing of grid converters. Finally, a P-
HIL stability test, carried out by setting a marginally stable
ITM LPF bandwidth, proved the analytical findings by show-
ing same critically damped oscillations at high frequencies
(= 3.6 kHz) as expected by the impedance-based stability
analysis. This result confirms that the P-HIL delays, and their
interaction with the LCL filter of the converter under test,
strongly affect the stability of the overall P-HIL system.
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