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A Current Limiting Strategy With Parallel Virtual
Impedance for Three-Phase Three-Leg Inverter

Under Asymmetrical Short-Circuit Fault to
Improve the Controllable Capability of

Fault Currents
Xinchun Lin , Member, IEEE, Zhigang Liang , Yun Zheng, Yibin Lin, and Yong Kang

Abstract—Voltage-controlled three-phase three-leg inverters are
widely applied in various occasions. The inverters are generally
switched to the current-controlled mode to limit the fault currents
when short-circuit faults happen. Under symmetrical fault, the
inverter can be controlled as a symmetrical, three-phase current
source. However, the voltage limiting will happen under asymmet-
rical fault. As a result, the fault phase currents will be distorted
and cannot be completely controlled. Considering that the voltage
limiting is mainly caused by large load impedance of healthy phase
under asymmetrical fault, the voltage limiting is avoided by paral-
leling the virtual impedance with the output filter capacitor in this
paper. As a result, the current limiting loop is not broken and the
fault phase currents can be effectively controlled. The implementa-
tion of virtual impedance in control system and the influence of vir-
tual impedance on the stability of system are also analyzed in detail
in this paper. The theoretical results are validated by experiments.

Index Terms—Asymmetrical short-circuit fault, current
limiting control, the virtual impedance, three-phase three-leg
(TPTL) inverter.

I. INTRODUCTION

B EING capable of providing the high-quality voltage, volt-
age controlled three-phase inverters have been widely ap-

plied in various occasions [1]–[4], such as household appliances,
traction devices, medical equipment, industrial applications, mi-
crogrid, etc. In practical operations, the inverters probably ex-
perience the short-circuit fault or other abnormal conditions [5],
[6]. Generally, when short-circuit fault occurs, the switching
devices may be damaged due to the large fault currents.
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In order to protect the switching devices, shutdown is a fea-
sible method if the inverter only feeds a single load. However,
if the inverter feeds a large network including some critical
loads, shutdown in the case of short-circuit fault is unaccept-
able. To guarantee the high reliability and continuity of power
supply, the fault ride-through control for inverter is generally
adopted instead of shutdown. The fault ride-through control for
grid-connected inverter has been widely researched in [7]–[11].
However, the fault ride-through control [12]–[17] for stand-
alone inverter is distinguished and the process is elaborated as
mentioned in the following text. In the normal state, the inverter
is controlled in voltage-controlled mode (VCM) to supply the
loads. Under short-circuit faults, the inverter will be switched
to current-controlled mode (CCM) and feeds the required short-
circuit currents to enable the fast action of the breakers. When
the short-circuit fault is cleared by the breakers, the inverter will
switch from CCM to VCM. Therefore, the critical loads can
be continuously supplied. From earlier mentioned analysis, the
current limiting control is very vital for the safety operation of
switching devices and the continuity of power supply.

Generally, the dual loops (outer voltage loop and inner cur-
rent loop) control structures are adopted when the inverter works
in VCM. An advantage of the dual loop control is that the in-
ner current loop can automatically limit the fault currents [14],
[15], [18], [19] when a saturation block is placed in the output
of the voltage controller. Therefore, the output of the voltage
controller will be rapidly saturated and the inverter can be natu-
rally switched to CCM when a short-circuit fault happens. The
fault currents of the inverter can be completely controlled under
symmetrical fault and the inverter will behave as a three-phase,
symmetrical current source. However, if an asymmetrical short-
circuit fault occurs, the fault behaviors of inverter will depend on
the topologies of three-phase inverter. In [14] and [15], the fault
behaviors of three-phase four-leg inverter are investigated under
asymmetrical fault, where the fault phases are switched to CCM,
while the healthy phases can still work in VCM under asym-
metrical fault. This is because the output voltage and current of
each phase for three-phase four-leg inverter can be controlled
independently in the stationary a-b-c frame, i.e., the three-phase
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system can be equivalent to three independent single-phase sys-
tems. Obviously, the similar fault behaviors for three-phase com-
bined inverter (with three independent output transformers for
three phases) can be also obtained. However, different from the
three-phase four-leg inverter and three-phase combined inverter,
the three phases of three-phase three-leg (TPTL) inverter are not
completely independent, considering the inherent constraint that
the sum of three-phase inductor currents is always zero due to no
neutral line. Therefore, for TPTL inverter, the goal that the fault
phases work in CCM while the healthy phases still continue
to work in VCM cannot be achieved under asymmetrical fault.
Three phases of TPTL inverter will all have to work in CCM
under asymmetrical fault. In this situation, the output voltage of
healthy phase will be very large as the magnitude of the current
limiting references (usually two to three times of the magnitude
of rated current) is very high and the load impedance of healthy
phase is also large. Therefore, the voltage limiter could be trig-
gered if the amplitude of voltage vector exceeds the maximal
voltage limiting determined by the dc-link voltage. As a result,
the current limiting control loop will be broken and the fault
phase currents cannot be completely controlled.

In [16] and [17], an extra maximum RMS output current limit-
ing loop except normal dual loop control is designed to limit the
fault current. Although the voltage limiting can be avoided, the
instantaneous control for each phase current cannot be achieved
as only the maximum RMS current among three-phase out-
put currents is controlled. Besides, the fault response is slow.
In order to simultaneously protect the semiconductor devices
and ensure the reliable action of the protection devices under
asymmetrical fault, it is expected that the fault currents are
completely controlled. In [20], from changing current limiting
references point of view, the current limiting method based on
the improved current limiting references is proposed to avoid
the voltage limiting. The current limiting references of three
phases are asymmetrical, e.g., the amplitude of current limit-
ing reference of healthy phase is designed to be zero to avoid
the voltage limiting, while the magnitudes of current limiting
references of the fault phases still keep two to three times of
the magnitude of rated current. Under this method, the voltage
limiting does not occur and the short-circuit currents can be
completely controlled. However, this method needs to identify
the types of faults and extract the fault phases. On the one hand,
it takes some time to correctly identify the fault phases resulting
in the slow fault response. On the other hand, the algorithms
of identifying the fault types and extracting the fault phases are
also complicated.

Physically, the voltage limiting is mainly caused by the large
current limiting reference and the large load impedance of
healthy phase when adopting the current limiting method based
on instantaneous inner current loop under asymmetrical fault.
In this paper, the voltage limiting is avoided by reducing the
load impedance by means of paralleling the virtual impedance
with the output filter capacitors. As a result, the current limiting
loop is not broken and the fault phase currents can be effectively
controlled. In addition, the proposed strategy does not need to
identify the fault phases and healthy phases, thus, simplifying
the design of control system and achieving the fast response.

The rest of the paper is organized as follows. The mechanism
of the voltage limiting under asymmetrical fault is briefly an-
alyzed in Section II. In Section III, the basic principle of the
proposed current limiting strategy with the virtual impedance is
presented. The implementation of virtual impedance in control
system and the influence of virtual impedance on the stability of
system are given in Section IV. In addition, the influence of the
proposed strategy on actual short-circuit currents are analyzed in
Section V. In Section VI, the experimental results are provided
to verify the effectiveness of the proposed method. Section VII
concludes this paper.

II. MECHANISM OF VOLTAGE LIMITING

UNDER ASYMMETRICAL FAULT

Fig. 1 shows the structure of TPTL inverter. ua , ub , and uc

are arm voltages of phase a, b, and c, respectively. The LC filter
consists of an inverter-sider inductor L and a filter capacitor C.
Bj represents the circuit breaker in jth branch. Fig. 2 shows
the dual loop control diagram for three-phase inverter. The dual
loop consisting of outer voltage loop and inner current loop
is widely adopted and can be implemented in stationary αβ
reference frame (x = α, β), stationary abc reference frame (x =
a, b, c), and synchronous reference frame (x = d, q). Gv (s) and
Gc (s) represent the voltage controller and current controller,
respectively. The inner current loop can automatically limit the
fault currents in the case of short-circuit fault by placing a current
limiter in the current control channel. In addition, the voltage
limiter is also generally designed to limit the maximum output
voltage [21]–[23]. If (1) holds true, the voltage limiter will be
triggered (i.e., the amplitude of voltage vector is located outside
the maximum circle of the hexagon)

|ur | ≥ Vlimit (1)

where Vlimit = Vdc/
√

3 represents the amplitude of voltage vec-
tor located at the maximal circle of the hexagon in vector di-
agram. ur represents the voltage vector, and |ur | represents

its magnitude with |ur | =
√

u2
rd + u2

rq in synchronous refer-

ence frame,|ur | =
√

u2
rα + u2

rβ in stationary α-β frame, and

|ur | =
√

2
3

√
u2

rab + u2
rbc + u2

rca in stationary a-b-c frame.
When a symmetrical short-circuit fault occurs, the output

voltage of the inverter is approaching zero. According to Fig. 2,
the output of voltage control will be saturated, and the inverter is
switched from VCM to CCM. In this case, (1) does not hold true
and the current loop can work well. The three-phase inverter
will behave as symmetrical current sources considering that
the current limiting references in different frames are generally
given as (2a)–(2c)

{
i∗Ld limit = IL limit

i∗Lq limit = 0
(2a)

{
i∗Lα limit = IL limit cos (ωt − ϕα )

i∗Lβ limit = IL limit sin (ωt − ϕα )
(2b)
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Fig. 1. Configuration of TPTL inverter.

Fig. 2. Control diagram including outer voltage loop and inner current loop.

⎧⎪⎨
⎪⎩

i∗La limit = IL limit cos (ωt − ϕa)

i∗Lb limit = IL limit cos (ωt − ϕa − 120◦)

i∗Lc limit = IL limit cos (ωt − ϕa + 120◦)

(2c)

where IL limit represents the magnitude of the current limiting
references, and is generally set to two to three times of ILM

(ILM is defined as the magnitude of the rated current)., IL limit =
2·ILM is chosen in this paper.

However, when the inverter experiences an asymmetrical
fault, the different fault characteristics will occur [14], [15], [20].
Assuming that a short-circuit fault happens between phases b
and c, Fig. 3 shows the equivalent circuit of TPTL inverter feed-
ing delta-connected equivalent loads or star-connected equiva-
lent loads, where ua , ub , and uc represent the equivalent arm
voltages of inverter. Zf represents the short-circuit impedance.

According to Fig. 3, uoab ≈ (ZcaZabiLa)/(Zab + Zca),
uobc ≈ 0, uoca ≈ −uoab . Suppose the voltage limiter is
not triggered, meanwhile, neglecting the switching ac-
tion of the inverter and the inductor voltage, then
urab ≈ uoab , urbc ≈ uobc , and urca ≈ uoca . Based on afore-
mentioned analysis, |ur | under asymmetrical fault can
be also expressed as |ur | =

√
2

3

√
u2

rab + u2
rbc + u2

rca ≈√
2

3

√
u2

oab + u2
obc + u2

oca = 2
3 |Za b Zc a iL a

Za b +Zc a
|(neglecting capacitor

currents). It can be seen that |ur | is determined by the
inductor current of healthy phase and post-fault load im-
pendences under asymmetrical fault. If the voltage lim-
iter is not triggered, the inductor current of phase
a will be equal to the current limiting reference of
phase a, i.e., iLa = i∗La limit = IL limit cos(ωt − ϕa) (IL limit =
2ILM ). Meanwhile, for the sake of convenient analysis,

suppose Zab = Zca = ZL , then (3) can be obtained as

|ur | ≈ 2
3

∣∣∣∣
ZabZca iLa

Zab + Zca

∣∣∣∣ =
1
3
|ZLIL limit | =

2
3
|ZL | ILM . (3)

The voltage limiter will be triggered if (4) holds true

|ur | ≈ 2
3
|ZL | ILM ≥ Vlimit . (4)

Equation (4) can be also expressed as

|Zn |/(2mn |ZL |) ≤ 1 (5)

where mn represents the rated modulation ratio and mn =
|Zn |ILM /(3Vlimit). mn is typically in the range of [0.7, 0.9]
for inverter. Zn is rated delta-connected load impedance.
|Zn |ILM /3 is equal to the amplitude of the nominal phase
voltage. Zn/ZL represents the overload ratio. (Zn/ZL ) → 0
represents no load and (Zn/ZL ) = 1 represents rated load.

Based on (5), Fig. 4 can be obtained [20]. Fig. 4 shows the
relationship among the voltage limiting, Zn/ZL and mn under
asymmetrical fault. It can be seen that the voltage limiting will
happen under most cases. Particularly, when the post-fault load
is between no load [i.e., (Zn/ZL ) → 0] and rated load (i.e.,
ZL = Zn ), the voltage limiting will appear under asymmetrical
fault.

According to the previous analysis, when the current limiting
control based on the symmetrical references [as shown in (2a)–
(2c)] is implemented, the voltage limiting will happen under
asymmetrical fault. As a result, the current limiting loop is
broken and the fault currents cannot be completely controlled.

This is unacceptable for the inverter, considering that the un-
controlled fault currents may cause overcurrents for the switch-
ing devices, and the reliable actions of the breakers installed in
the load branches are also greatly influenced.
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Fig. 3. Equivalent circuit under short-circuit fault between phase b and c.

Fig. 4. Relationship among the voltage limiting, Zn /ZL and mn under
asymmetrical fault.

III. BASIC PRINCIPLE OF PROPOSED CURRENT

LIMITING STRATEGY

In order to limit the fault currents and ensure the reliable
action of the breakers, the fault currents are expected to be com-
pletely controlled. According to the aforementioned analysis,
the voltage limiting under asymmetrical fault should be first
avoided. Assuming that an asymmetrical fault between phase
b and c occurs, based on the analysis in Section II, the output
voltage limiting will not happen if (6) holds true

|ur | ≈ 2
3

∣∣∣∣
ZabZca iLa

Zab + Zca

∣∣∣∣ < Vlimit. (6)

If iLa = 0, the voltage limiting will not happen under any
load. In this situation, the current limiting references can be
expressed as [20]

⎧⎪⎨
⎪⎩

i∗La limit = 0

i∗Lb limit = IL limit cos (ωt − ϕi)

i∗Lc limit = −IL limit cos (ωt − ϕi) .

(7)

However, this control strategy [20] requires that the differ-
ent current limiting references should be designed for different
types of short-circuit faults, e.g., i∗Lb limit = 0 for the asymmet-
rical short-circuit fault between phase a and c, and i∗Lc limit = 0

Fig. 5. Equivalent circuit with virtual impedance in parallel with the output
filter capacitor.

for the asymmetrical short-circuit fault between phase a and
b. Table II in the Appendix gives the detailed current limiting
references under different types of short-circuit faults. In or-
der to implement this control strategy, the fault types and fault
phases should be identified first, and then the corresponding cur-
rent limiting references can be obtained. Although this control
strategy can avoid the voltage limiting by altering the current
limiting references, the algorithm of identifying the fault types
is not only complex but also time consuming.

From (6), the voltage limiting can also be avoided if the
equivalent load impedances are reduced while the current limit-
ing references are set based on (2a)–(2c). Based on the idea, the
current limiting strategy with virtual impedance in parallel with
the output filter capacitor is proposed in this paper to avoid the
voltage limiting, and at the same time achieving the controlled
fault currents under asymmetric short-circuit faults.

Taking the short-circuit fault between phases b and c as an
example, as shown in Fig. 5, the equivalent load impedances
can be reduced by the virtual impedances in parallel with the
filter capacitors and the load impedances. Equation (6) can be
rewritten as (8) considering the effect of the parallel virtual
impedance. If (8) holds true, the voltage limiting can be avoided

|ur | ≈ 2
3

∣∣∣∣
Z ′

caZ ′
abiLa

Z ′
ab + Z ′

ca

∣∣∣∣ =
2
3
|(Z ′

ca//Z ′
ab) iLa | < Vlimit (8)

where iLa = i∗La limit = IL limit cos ωt. Z ′
ab = Zvir//Zc//

Zab and Z ′
ca = Zvir//Zc//Zca (Zc = 1/sC represents the

impedance of output filter capacitor), are the equivalent load
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Fig. 6. Equivalent circuit of inverter under parallel virtual impedance.

impedances between phase a and b, and between phase c and a,
respectively.

In order to avoid the voltage limiting, (8) should hold
true for the TPTL inverter feeding any loads. Considering
that the equivalent load impedances Z ′

ab and Z ′
ca will get

the maximum under no load (Zab → ∞, Zca → ∞), the volt-
age limiting of the TPTL inverter can be avoided under
any load condition with the designed virtual impedance if
the voltage limiting can be avoided under no load. Under
no load, Z ′

ab = Z ′
ca = Zvir//Zc . Although the parallel vir-

tual impedance can be composed of inductors, capacitors, and
resistors, the pure resistive virtual impedance is chosen to sim-
plify the design in this paper. Then, (8) can be further simpli-
fied as |Zvir//Zc | < 3V l im i t

|iL a | = 3V l im i t
IL l im i t

= |Zn |
2mn

(considering that
IL limit = 2·ILM and mn = |Zn |ILM /(3Vlimit), mn = 0.7–0.9).
The upper limit of Zvir can be obtained according to this
inequality.

From the aforementioned analysis, the proposed method can
effectively avoid the voltage limiting under asymmetrical faults.
As long as the voltage limiting does not occur, the current con-
trol loop will not be broken, thus providing a possibility for
complete control of the fault current. As shown in Fig. 5, if the
parallel virtual impedances are smaller than the upper limit, the
voltage limiting can be avoided when an asymmetrical fault oc-
curs between any two phases. Therefore, the proposed method
does not need to identify the fault phases, which greatly sim-
plifies the design of control system. In Section IV, the imple-
mentation of virtual impedance by the control system and the
influence of virtual impedance on the system stability will be
discussed.

IV. IMPLEMENT OF VIRTUAL IMPEDANCE

AND STABILITY ANALYSIS

A. Model and Implementation of the Virtual Impedance

In order to implement the parallel virtual impedance by the
control under short-circuit fault, the TPTL inverter should be
first modeled, and then the controller can be designed. For the
sake of simplifying the plant, the star-connected load is adopted,
with the impedances denoted as Za, Zb , and Zc , as shown in
Fig. 6.

Based on Fig. 6, applying Kirchhoff’s voltage law, [(9a)–(9c)]
can be obtained as follows:

−ua + L
diLa

dt
+ uoa − uob − L

diLb

dt
+ ub = 0 (9a)

−ub + L
diLb

dt
+ uob − uoc − L

diLc

dt
+ uc = 0 (9b)

−uc + L
diLc

dt
+ uoc − uoa − L

diLa

dt
+ ua = 0. (9c)

Applying (9a)–(9c) and iLa + iLb + iLc = 0, one can get

3L
diLa

dt
= 2ua − ub − uc + uob + uoc − 2uoa . (10)

Equation (10) can be further simplified as

L
diLa

dt
= ua − uz +

uob + uoc − 2uoa

3
(11)

where uz = (ua + ub + uc)/3.
Similarly, applying (9b)-(9a), and (9c)-(9b), one can get

L
diLb

dt
= ub − uz +

uoa + uoc − 2uob

3
(12)

L
diLc

dt
= uc − uz +

uob + uoa − 2uoc

3
. (13)

Furthermore, according to Fig. 6, the load phase voltages can
be expressed as

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

uoa =
(
iLa − uo a b −uo c a

Zvir
− C d(uo a b −uo c a )

dt

)
Za

uob =
(
iLb − uo b c −uo a b

Zvir
− C d(uo b c −uo a b )

dt

)
Zb

uoc =
(
iLa − uo c a −uo a b

Zvir
− C d(uo c a −uo a b )

dt

)
Zc.

(14)

According to (11)–(14), the plant model and current control
diagram of the TPTL inverter can be obtained, as shown in Fig. 7.

In Fig. 7, G2(s) represents the transfer function of the induc-
tor, i.e., G2(s) = 1/sL. Gc(s) represents the transfer function
of the current limiting controller in s-domain. The feedforward
of (uoab − uoca)/3 + uz is introduced in the controller to de-
couple the coupling terms in the plant, achieving the simpli-
fication of the control design. Obviously, the parallel virtual
impedance as shown in Fig. 7 cannot be implemented by the
controller. In order to implement the parallel virtual impedance
in the control system, the control diagram shown in Fig. 7
needs to be further transformed. Taking Fig. 7(a) as an exam-
ple, moving the connection node of the virtual impedance part,
i.e., (uobc − uoca)/Zvir, from the output of G2(s) to the input of
Gc (s), Fig. 7(a) can be further transformed into Fig. 8(a), where,
Gi open(s) is the open loop transfer function of current control
loop and can be expressed by Gc(s)G2(s). The open loop gain
within the control bandwidth of current loop is far greater than 1,
i.e., |Gi open(s)| >> 1. Hence, Fig. 8(a) can be further simpli-
fied to Fig. 8(b) considering (1 + Gi open(s))/Gi open(s) ≈ 1.

It can be seen from Fig. 8(b) that the parallel virtual
impedance can be implemented by changing the current lim-
iting references. The new current limiting reference for phase a
can expressed as i∗La limit vir = i∗La limit − (uoab − uoca)/Zvir .
Similarly, the current limiting references of phase b and c can
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Fig. 7. Equivalent current control diagram of TPTL inverter with parallel
virtual impedance. (a) The plant and control of the inductor current of phase a
control. (b) The plant and control of the inductor current of phase b control. (c)
The plant and control of the inductor current of phase c.

Fig. 8. Equivalent transformation of the parallel virtual impedance.

be also obtained under the parallel virtual impedance and are
given in (15)

⎧
⎪⎪⎨
⎪⎪⎩

i∗La limit vir = i∗La limit − (uoab − uoca)/Zvir

i∗Lb limit vir = i∗Lb limit − (uobc − uoab)/Zvir

i∗Lc limit vir = i∗Lc limit − (uoca − uobc)/Zvir

(15)

where i∗La limit, i∗Lb limit, and i∗Lc limit are the symmetrical
three-phase current limiting references given by (2a)–(2c).

Fig. 9. Control diagram of the proposed method.

Fig. 10. Equivalent control diagram with parallel virtual impedance for phase
a of TPTL inverter working in CCM.

Where, the line voltages uoab , uobc , and uoca of the TPTL
inverter are generally detected by the voltage sensors. There-
fore, (15) can be easily obtained.

Fig. 9 shows the overall control diagram of the TPTL inverter
with the proposed current limiting strategy. In normal state, the
dual loop controller works, and the TPTL inverter is switched
to the proposed current limiting control when a fault happens.
The proportional integral plus resonant controller is adopted in
the current limiting control to achieve the precise control of the
fault currents.

B. Influence of the Proposed Current Limiting
Control on System Stability

It can be seen from Fig. 8(b) that the feedforward of (uoab −
uoca) with the gain of 1/ Zvir is aimed at realizing the parallel
virtual impedance by control, which may affect the stability of
the current control loop of phase a. In Section III, the upper limit
of the parallel virtual impedance determined in accordance with
avoiding the voltage limiting has been presented. This section
will determine the lower limit of the parallel virtual impedance
from the system stability perspective.

Considering that the output phase voltages uoa , uob , and uoc

are independent of each other, it is reasonable to treat uob and
uoc as external disturbances while analyzing the current control
loop of phase a. Based on this consideration, Fig. 8(b) is further
transformed into Fig. 10 considering that uoab − uoca = 2uoa −
uob − uoc . For the stability analysis of the closed loop given
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Fig. 11. Norton equivalent circuit of phase a for TPTL inverter working
in CCM.

in Fig. 10, there are many approaches, such as the root locus
[24], [25], frequency-domain technique, and impedance-based
approach [26]–[28]. The impedance-based approach is adopted
in this paper.

In order to apply the impedance-based approach, the Norton
equivalent circuit consisting of an ideal current source (iLa s)
in parallel with an equivalent output impendence (Zo), should
be first obtained, as shown in Fig. 11, where Z ′

L represents the
equivalent load impedance. Then, the stability of the current con-
trol loop with parallel virtual impedance can be easily analyzed
according to the relationship between Zo and Z ′

L . Therefore,
the range of the parallel virtual impedance can be determined
according to the stability of the current control loop.

According to Fig. 10, the expression of iLa can be derived in
(16) by assuming uob = 0 and uoc = 0

iLa =
Gi open

1 + Gi open
i∗La limit −

Gi open

(1 + Gi open) Zvir
2uoa . (16)

Therefore, iLa s = Gi o p e n
1+Gi o p e n

i∗L limit ≈ i∗L limit , and the

equivalent output impedance (Zo) of the TPTL inverter can be
expressed as

Zo =
1 + Gi open

2Gi open
Zvir. (17)

The equivalent load impedance Z ′
L of Fig. 11 can also be

obtained according to Fig. 10 as follows:

Z ′
L = Za//

1
2sC

=
Za

2sCZa + 1
. (18)

Particularly, the load only includes the output filter capacitor
under no load, and the load impedance is expressed as Z ′

L =
1/(2sC).

By means of the impedance-based stability criterion, the fol-
lowing two conditions must be satisfied to ensure the stability
[28].

1) The current-controlled inverter itself should be stable in
the case of Z ′

L (s) = 0.
2) The impedance ratio Z ′

L (s)/Zo(s) satisfies the Nyquist
criterion.

The first condition is easily satisfied by regulating the con-
troller parameters of the current control loop. The second con-
dition can be elaborated as follows. If Z ′

L (s) and Zo(s) does not
intersect at any frequency, the system is always stable. If Z ′

L (s)

and Zo(s) intersects at fcross, the system will be stable if the
phase difference between Zo(s) and Z ′

L (s) is less than 180°at
fcross, otherwise, the system will be unstable.

The purely resistive virtual impedance is chosen in the paper.
Based on (17) and Table I, the bode plots of the output

impedance Zo under different values of Zvir is shown in Fig. 12.
The bode plots of the load impedance Z ′

L (s) under different
load impedances corresponding to no-load condition, half-load
condition, and rated-load condition, are also given in Fig. 12.
As observed from Fig. 12, two rules can be made: First, when
Z ′

L is fixed, the smaller Zvir is, the easier unstable the system
is. Second, when Zvir is fixed, the larger Z ′

L is, the easier
unstable the system is. Therefore, if the system is stable for
Za = ∞ (no-load condition), the system will be also stable
under other load condition for the specified Zvir. It can be
seen from Fig. 12 that when Zvir = 46 Ω and Za = ∞, the
phase difference between Zo(s) and Z ′

L (s) at fcross is close to
180°, which means that current control loop is critical stable
for Zvir = 46 Ω. Thus, Zvir > 46 Ω should be satisfied to
ensure the stability of the TPTL inverter working in CCM. On
the other hand, according to the requirement of avoiding the
voltage limiting, Zvir ≤ |Zn |

2mn
= 3V limit

I limit
= 66.2 Ω. Therefore,

46 Ω < Zvir ≤ 66.2 Ω. Finally, Zvir = 66.2 Ω is chosen to con-
sider increasing the stability margin of the current control loop.

Based on the aforementioned analysis, it is concluded that
two criteria have to be considered to select the parallel virtual
impedance: avoiding the voltage limiting and ensuring the sta-
bility of current control loop. The upper limit of the parallel
virtual impedance can be obtained by avoiding the voltage lim-
iting in Section III, and the lower limit of the parallel virtual
impedance can be obtained by ensuring the stability of current
control loop in Section IV-B.

V. ANALYSIS OF OUTPUT SHORT-CIRCUIT CURRENTS

UNDER THE PROPOSED STRATEGY

According to the previous analysis, the voltage limiting can
be avoided by the proposed parallel virtual impedance. How-
ever, due to the partial current sharing by the proposed parallel
virtual impedance as shown in Fig. 5, the maximum short-circuit
currents may vary. As is known to all, if the inverter can output
sufficiently large currents in case of short-circuit fault, the fault
branch can be reliably cleared by the circuit breaker in a short
time, which is beneficial to improve the power quality of other
normal loads. Therefore, this section will give the evaluation of
the influence of parallel virtual impedance on the short-circuit
currents.

For the asymmetrical short-circuit fault between phase b and
c, the output currents iob , and ioc , will be approximately equal
to the current limiting references while ignoring the currents
flowing through the filter capacitors, i.e.,

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iob ≈ i∗Lb limit vir = i∗Lb limit − uo b c −uo a b

Zvir
= i∗Lb limit

+ Z ′
c a Z ′

a b i∗L a limit
Zvir(Z ′

a b +Z ′
c a )

ioc ≈ i∗Lc limit vir = i∗Lc limit − uo c a −uo b c

Zvir
= i∗Lc limit

+ Z ′
c a Z ′

a b i∗L a limit
Zvir(Z ′

a b +Z ′
c a )

(19)
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TABLE I
PARAMETERS OF PROTOTYPE

Fig. 12. Bode plots of the equivalent output impedance Zo (s) and equivalent
load impedance Z ′

L (s) of the TPTL inverter.

where i∗La limit, i∗Lb limit, and i∗Lc limit are given in (2), Z ′
ab =

Zvir//Zab , Z ′
ca = Zvir//Zca (ignoring the filter capacitors). For

the short-circuit fault between phase b and c, uobc ≈ 0, uoab ≈
−uoca ≈ (Z ′

caZ ′
abi

∗
La limit)/(Z ′

ab + Z ′
ca).

From (19), if Z ′
c a Z ′

a b

Zvir(Z ′
a b +Z ′

c a ) becomes smaller, the magnitude
of the output short-circuit currents will vary in a smaller range.
Due to

Z ′
caZ ′

ab

Z ′
ab + Z ′

ca
= Z ′

ca//Z ′
ab =

Zvir

2
// (Zab//Zca) .

Hence, Z ′
c a Z ′

a b

Zvir(Z ′
a b +Z ′

c a ) = (Za b //Zc a )
Zvir+2(Za b //Zc a ) . Therefore, the larger

Zvir is, the smaller Z ′
c a Z ′

a b

Zvir(Z ′
a b +Z ′

c a ) is. According to the analysis
in Section IV-B, the parallel virtual impedance is set to its upper
limit, which is also helpful to reduce the influence of the parallel
virtual impedance on the output short-circuit currents.

On the other hand, when the load impedances vary between
no load and rated load, (Zab //Zca) will be maximal under
no-load condition and be minimal under rated-load condition.
Therefore, the following results can be obtained.

1) Under no-load condition, Z ′
c a Z ′

a b i∗L a limit
Zvir(Z ′

a b +Z ′
c a ) =

(Zvir//Zvir)i∗L a limit
Zvir

= i∗L a limit
2 .

Fig. 13. Phasor diagram of actual currents of faults phases.

2) Under rated-load condition,Z ′
c a Z ′

a b i∗L a limit
Z ′

a b +Z ′
c a

=
(Za b //Zc a )i∗L a limit
Zvir+2(Za b //Zc a ) = Zn i∗L a limit

2(Zvir+Zn ) = Zn i∗L a limit

2( Z n
2 m n

+Zn )
, where

mn = 0.9, Z ′
c a Z ′

a b i∗L a limit
Z ′

a b +Z ′
c a

= 0.321 · i∗La limit.
According to (19), the phasor diagram of output short-circuit

currents of faults phases can be obtained, as shown in Fig. 13,
where I∗La limit, I∗Lb limit, and I∗Lc limit are defined as the phasors
of i∗La limit , i

∗
Lb limit , and i∗Lc limit , respectively. Iob and Ioc rep-

resent the phasors of iob and ioc , respectively. From Fig. 13, the
magnitudes of actual currents of faults phases will vary between
0.884 and

√
3/2(0.866) times of the magnitude of current limit-

ing references when the load impedances of healthy phase vary
in the range from no-load condition to rated-load condition.
Therefore, the magnitudes of output short-circuit currents of
faults phases only vary in a very small range and are almost not
affected by the load impedances of the healthy phases, which is
beneficial for the reliable fault clearing of the faulty load branch
by the circuit breakers.

VI. EXPERIMENTAL VERIFICATION

A rated 4-kW TPTL inverter prototype is established to verify
the proposed current limiting strategy under short-circuit fault.
The test setup is shown in Fig. 14 (a) and its schematic diagram is
shown in Fig. 14 (b). The short-circuit fault between phase b and
c is achieved by closing the switch directly connected between
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Fig. 14. (a) Test setup. (b) Overview of test setup.

Fig. 15. Experimental results for short-circuit fault between phase b and c
when the current limiting strategy based on the inner current loop is adopted.
(a) No-load condition before fault occurs. (b) Half-load condition before fault
occurs. (c) Rated-load condition before fault occurs.

phase b and c. The parameters of the test setup are listed in
Table I. The magnitude of the current limiting references, IL limit,

is set to 17 A (two times of the magnitude of rated current).

A. Current-Limiting Method Based on the Inner
Current Loop Without Virtual Impedance

The experimental results shown in Fig. 15 corresponds to tra-
ditional current limiting for the short-circuit fault between phase
b and c of the TPTL inverter, in which the current limiting is
achieved by the inner current loop in the synchronous d-q frame.
Three cases are shown when the TPTL inverter works under
no-load condition, half-load condition, and rated-load condi-
tion before the faults occur, as shown in Fig. 15(a)–(c). From
Fig. 15, the post-fault voltages uoab and uoca are flat-topping

Fig. 16. Experimental results of the proposed current limiting strategy when
the asymmetrical short-circuit fault occurs between phase b and c under no-load
condition. (a) With Zvir = 100 Ω. (b) With Zvir = 10 Ω.

as the voltage limiting occurs under asymmetrical fault. Mean-
while, the currents of faulty phases, iLb and iLc , are distorted.
In Fig. 15(a), the magnitudes of fundamental components of
post-fault currents of phase b and c are 29.1 and 29.4 A, respec-
tively, which are much larger than the magnitude of the current
limiting reference (17 A). From Fig. 15(b) and (c), the mag-
nitudes of post-fault currents of phase b and c are also larger
than the magnitude of current limiting reference. It can be seen
that when the current limiting strategy without parallel virtual
impedance is adopted, the currents of faulty phases are not fully
controlled when asymmetrical short-circuit fault occurs. More-
over, the amplitudes of the fundamental component of faulty
phase currents depend on the pre-fault load impedances. Under
this current limiting strategy, the semiconductor switches are
relatively prone to be damaged by the overcurrent due to the
non-fully control of the short-circuit currents. At the same time,
the non-fully control of the short-circuit currents will also make
the rated current setting of the circuit breakers installed in load
branches difficult.

B. Proposed Current Limiting Strategy

Figs. 16 and 17 show the experimental results under the
proposed current limiting strategy when short-circuit fault oc-
curs between phase b and c. For comprehensively verifying the
proposed current limiting strategy, the experiments are carried
out with different values of Zvir. When Zvir = 100 Ω, it is seen
from Fig. 16(a) that the voltage limiting still exists, which is
in consistent with the analysis in Section IV-B. However, when
Zvir = 10 Ω, it can be observed from Fig. 16(b) the system
become unstable, which is also in consistent with the analysis
in Section IV-B. Furthermore, the experimental results with
Zvir = 66.2 Ω (the recommended value of Zvir in Section IV-B)
are shown in Fig. 17. Meanwhile, three cases are respectively
carried out when the TPTL inverter operates under no-load
condition, half-load condition, and rated-load condition before
the asymmetrical short-circuit fault between phase b and c
occurs, respectively. It can be observed that the voltage limiting
does not occur when asymmetrical fault occurs between phase
b and c, as shown in Fig. 17(a)–(c). Besides, the waveforms of
the faulty phase currents, iLb and iLc , are approximately sinu-
soidal. Moreover, the magnitudes of the fault phase currents are
almost constant and vary only in a small range, i.e., [14.72 A,
15.03 A] (corresponding to [0.866IL limit, 0.884IL limit])
while the loads change from the no-load condition to
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Fig. 17. Experimental results of the proposed current limiting strat-
egy when asymmetrical short-circuit fault occurs between phase b and c
with Zvir = 66.2 Ω. (a) Under no-load condition. (b) Under half-load condition.
(c) Under rated-load condition.

rated-load condition, which is in consistent with the analysis in
Section V. Under short-circuit fault, the output voltages depend
on the inductor currents and load impedance. Therefore, when
the load impedance become small (from no load to half load
and to rated load), the amplitudes of the uoab and uoca become
smaller after fault as shown in Fig. 17(b) and (c).

In order to comprehensively verify the proposed current limit-
ing strategy, the experimental results under asymmetrical short-
circuit fault occurs between phase a and b, are also given, as
shown in Fig. 18. It can be observed from Fig. 18 that the same
conclusions can be obtained, comparing with short-circuit fault
that occurs between phase b and c.

It can be seen from the experimental results that the proposed
current limiting strategy can effectively limit the short-circuit
currents under asymmetrical faults, and at the same time, the
theoretical analysis is also in consistent with the experimental
results.

VII. CONCLUSION

TPTL inverter is widely applied in various occasions. The in-
verters are usually switched to CCM from VCM to limit the fault
currents when short-circuit faults happen. However, the voltage
limiting may occur under asymmetrical fault. As a result, the
currents are distorted and not completely controlled. In the pa-
per, the current limiting strategy with the virtual impedance in
parallel with the output filter capacitor is proposed. On the one
hand, the voltage limiting can be avoided under symmetrical
fault. On the other hand, the magnitudes of currents of faults
phases can be effectively controlled and only vary in a very small
range. Therefore, the proposed current limiting strategy is bene-
ficial for the setting and reliable action of the protection devices.
In addition, this proposed method does not need to identify the

Fig. 18. Experimental results of the proposed current limiting strategy when
asymmetrical short-circuit fault occurs between phase a and b with Zvir =
66.2 Ω. (a) Under no-load condition. (b) Under half-load condition. (c) Under
rated-load condition.

TABLE II
FAULT TYPES AND CURRENT LIMITING REFERENCES

fault phase and healthy phase, and is easily implemented. The
experimental results validate the effectiveness of the proposed
current limiting strategy.

APPENDIX

Table II gives the current limiting references for the control
strategy proposed in [20] under different types of short-circuit
faults. From Table II, there are four types of current limiting
references due to four types of short-circuit faults.
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