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Abstract: Power converters are the basic unit for the transient voltage fault ride through capability
for most renewable distributed generators (DGs). When a transient fault happens, the grid voltage
will drop suddenly and probably will also suffer a phase-jump event as well. State-of-the-art
voltage fault control techniques regulate the current injected during the grid fault. However,
the beginning of the fault could be too fast for the inner current control loops of the inverter,
and transient over-current would be expected. In order to avoid the excessive peak current
of the methods presented in the literature, a new fast peak current control (FPCC) technique
is proposed. Controlling the peak current magnitude avoids undesirable disconnection of the
distributed generator in a fault state and improves the life expectancy of the converter. Experimental
and simulation tests with high power converters provide the detailed behaviour of the method with
excellent results.

Keywords: distributed generators (DGs); voltage ride through (VRT); fast peak current control
(FPCC); phase-jump ride through (PJRT); photo-voltaic (PV) systems; dip voltage

1. Introduction

Power is typically produced at a wide range of generation plants. Some years ago, for
renewable power sources, it was allowed to switch off the source when a voltage fault occurred.
Back then, disconnection of that power sources had little, if any, impact on the recovery capability
of the electric power grid after a fault. Nowadays, a high penetration of renewable distributed
generators (DGs) [1–4] has toughened the grid connection minimum technical requirements (MTRs)
worldwide [5–13]. MTRs include voltage sags and phase-jump capability, frequency active power
regulation and anti-islanding techniques, among others.

The voltage ride through (VRT) capability requirement has been widely described in recent grid
codes [5–13]. Tables 1 and 2 point out some of the most popular MTRs for photo-voltaic (PV) plants
about VRT.

First, a maximum allowed voltage profile is defined for voltage excursions. If the fault reaches
the error profile, the inverter is allowed to disconnect. German legislation [5] usually is taken as the
reference for other legislation. A zero-voltage transient fault is required for 0.15 s. Recent legislation
imposes a zero-voltage fault, too, like the Puerto Rican or Jordanian legislation [7,13]. However, other
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legislation is imposing smaller voltage sag magnitude requirements, but longer in time, for example
the Chilean and Romanian grid codes [11,12].

Table 1. Minimum technical requirements (MTRs) review for voltage ride through (VRT) capabilities
of photo-voltaic (PV) plants (A). German association of energy and water industries: BDEW; Puerto
Rico Electric Power Authority: PREPA; National energy regulator of South Africa: NERSA; Spanish
electric grid: REE.

Country Germany Puerto Rico

Standard BDEW PREPA

VRT profile

VPCC (p.u.)

T (s)

1.00
0.90

0.30

0.0 0.15 0.60 1.50 3.00

VPCC (p.u.)

T (s)

1.00
0.90

0.00
0.0 0.6 3.0

1.15
1.25
1.30
1.40

0.15 1.0

Iq VRT

ΔIQ (p.u.)

V (p.u.)

1.00

1.11.2

-1.00

0.50.0 0.9

ΔIQ (p.u.)

V (p.u.)

1.00

-1.00

V10.0 0.85

Id VRT 0 0

Recovery time 5 s 5 s

Phase jump N/D N/D

Country South Africa Spain

Standard NERSA REE

VRT profile

VPCC (p.u.)

T (s)

1.00
0.90

0.00
0.0 0.15 2.0 20.0

0.80

1.10
1.20

VPCC (p.u.)

T (s)

1.00

0.80

0.20

0.0 0.5 1.0 15.0

0.95

Iq VRT

ΔIQ (p.u.)

V (p.u.)

1.00

1.1 1.2

-1.00

0.50.0 0.9

IQ (p.u.)

V (p.u.)

1.00
0.90

0.00 0.5 0.85

-1.00

Id VRT Previous fault Id 0

Recovery time 5 s N/D

Phase jump Up to 40◦ N/D
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Table 2. MTRs review for VRT capabilities of PV plants (B). National Commission of Energy:
CNE; Electrotechnical Italian Committee: CEI; Electricity Regulatory Commission: ERC; Romanian
Electricity Authority: Transelectrica.

Country Chile Italy

Standard CNE CEI

VRT profile

VPCC (p.u.)

T (s)

1.00

0.80

0.10

0.0 T2+0.02 1.0

VPCC (p.u.)

T (s)

1.00
0.85

0.00
0.0 0.2 0.4

0.40

1.10

Iq VRT

ΔIQ (p.u.)

V (p.u.)

1.00

1.11.2

-1.00

0.50.0 0.9

IQ (p.u.)

V (p.u.)

1.00

0.00 0.9

-1.00

Id VRT Previous fault Id 0

Recovery time N/D N/D

Phase jump N/D N/D

Country Jordan Romania

Standard ERC Transelectrica

VRT profile

VPCC (p.u.)

T (s)

1.00
0.90

0.00
0.0 0.25 1.5 180

0.80

1.10
1.20

60

VPCC (p.u.)

T (s)

1.00
0.90

0.00
0.0 0.625 3.0

0.15

1.10

Iq VRT

ΔIQ (p.u.)

V (p.u.)

1.20

-0.4

1.2

-1.00

0.40.0

IQ (p.u.)

V (p.u.)

1.00

0.00 0.9

-1.00

Id VRT 0 0

Recovery time 60 s 350 ms

Phase jump N/D N/D

Then, some requirements are imposed over the power generation during the voltage excursions
in order to help the system stability. An injection of reactive current (Iq) is always required. Older grid
codes, like the Spanish or Italian legislation [8,9], usually require generating the maximum possible
capacitive current. However, most recent grid codes usually require a droop relationship between
capacity current and the depth of the voltage sag, in order to provide a softener recovery [6,7,12,13].
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There are two choices for the active current (Id) requirement: to follow the previous value to the
fault state, for example the South African and Chilean cases [6,12]; or to drop the reference to zero,
but consumption is not allowed, like the German and Puerto Rican cases [5,7].

A recovery time after the fault requirements could be needed, as well. It could vary from
milliseconds [11] to minutes [13].

Finally, most recent grid codes are also including phase-jump fault requirements, for example
the South African grid code [6].

The worst scenarios cover the necessity to remain connected against 40◦ phase-jumps and 0.0
p.u. low voltage excursions, for three-phase and mono-phase faults. A sudden occurrence of this
type of fault could cause a peak in the converter output current. Therefore, these current peaks cause
unit errors and disconnections, being a hazard to the unit safety.

Together with the operation mode and the imposed limits, response time is crucial in these kinds
of events, whose durations are in the order of milliseconds. At the beginning of the fault, any delay
could be critical, because the grid voltage could change very fast. Figure 1 shows an uncontrolled
peak current due to a severe low voltage excursion in a three-phase power converter.
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Figure 1. Peak current fault under a severe low voltage excursion. (a) Transient low voltage profile;
(b) stack converter output currents; uncontrolled peak currents marked with green circles.

There is much research on power converter controllers during grid fault conditions [14–19], but
unfortunately, there is not enough analysis about the uncontrolled beginning of the fault. A new
fast peak current control (FPCC) is proposed to help the converter control limiting the over-current
peak of the converter at the beginning of the fault. Consequently, hardware and software current
protection could be avoided, improving the MTRs compliance. Further, lower peak current reduces
insulated gate bipolar transistors (IGBTs)’ degradation and unexpected disconnections from the grid
of the power converters, so mean time between failures (MTBF) increases.

This manuscript is organized as follows: Section 2 analyzes in detail the proposed method
theory; Sections 3 and 4 show the test results; discussions are given in Section 5; Finally, the materials
and methods used are pointed out in Section 6.

2. Fast Peak Current Control Method

2.1. Power Converter Control Strategy

A two-level three-phase topology has been selected for the study. Industrial high-power grid-tie
converters usually use a single-stage inverter topology, with an LC output filter [20,21].

Figure 2 shows a classical DG converter control block scheme. The controller is divided into four
layers. The highest level controller generates the appropriate references for the middle controller.
The middle level controller reacts by modifying the response as a function of the environment agents,
which could limit the inverter capability. Typically, special voltage sag control will be placed at this
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layer. Then, the low level controller includes the inner current control loop that sets the inverter
control actions following the references. Finally, the hardware level controller translates the control
signals to the physical pulses of the converter.

Pr efSP

Qr efSP

Pmax

Pmin

Pref’

Qref

Pref

Qmin

Qmax

Id ref

Iq ref

Current 

controller

Pref sat lim calculation

Qref sat lim calculation

H igh level

L ow level

Middle level

Middle level

F PPC S

I G B T  Dr ive 

System

DSUI

R ST /

DQ0
Idq

H ardware 

level

I r st

Duty C ontr ol

V r st

V dc

Figure 2. Simplified control block scheme of a distributed generator (DG) power converter.

The proposed FPCC will be improved with two individual actions. Gray boxes in Figure 2
show where these actions take place. On the one hand, in the lower level, the duty cycle control
signal is saturated with a theoretical current limit, called the fast predictive peak current saturation
(FPPCS) method. On the other hand, at the hardware level, the delay of duty control signal updating
is reduced without modifying pulse width modulation (PWM) switching frequency with a technique
denoted as duty signal updating improvement (DSUI).

2.2. Fast Predictive Peak Current Saturation Method

Figure 3 shows a simplified single-line model of the converter as an ideal controlled voltage
source. This model has been widely presented in the literature [22]. The converter output line-to-line
voltage (VgRS, VgST) is defined by an impedance (Zsc) and a grid voltage source. The measured voltage
could be used to build up an equivalent voltage source model (VnR, VnS, VnT) connected to the virtual
neutral point of the converter model (noted by the dashed lines in Figure 3).

Equation (1) shows the relationship of the inductor voltage (VL) with the voltage source model
of Figure 3 and with the differential equation of an inductor:

VL =

{
D Vdc

2 −Vn

L dIL
dt

(1)

where Vdc is the DC-link voltage, Vn is the grid voltage, D is the DG duty control signal in the range
of [−1, 1], L is the inductive value of the filter value and IL is the current across the inductance. Since
the controller is executed periodically at a fixed frequency Fs, Equation (1) could be discretized, and
D would be given by Equation (2):

Dk = 2
L(ILk+1 − ILk )Fs + Vnk

Vdck

(2)
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Figure 3. Simplified inverter voltage source model.

Equation (2) gives the relationship between IL time evolution and the control signal value.
Consequently, the current measurement on the next step control could be predicted. Imposing a
control law restriction with a maximum current threshold IFPPCS, Equation (3) sets a theoretical
maximum control signal:

DmaxRk = 2
L(IFPPCS−IRk

)Fs+Vgk
Vdck

DmaxSk = 2
L(IFPPCS−ISk

)Fs+Vgk
Vdck

DmaxTk = 2
L(IFPPCS−ITk

)Fs+Vgk
Vdck

(3)

where DmaxRk , DmaxSk and DmaxTk are the maximum duty allowed control signals for the defined
IFPPCS in each phase and IRk , ISk and ITk are the measured currents of the three phases at the k instant.

2.3. Duty Signal Updating Improvement Method

Typically, PWM techniques update only their control signals in the valleys and peaks of the
triangular carrier, T0 and T2 respectively (see Figure 4), guaranteeing non-desirable firing, the
switching frequency remaining constant and avoiding extra power losses [23].

Figure 4 shows a typical delay added in a power converter controller. If the control processor
needs the computational time (Tc) since the last sampling time (T0), then an additional delay of Tm

will be inserted before the action will be executed, because the control signal can only be updated
in the peaks and the valleys. The proposed technique updates the control signal at T1 with some
restrictions. Then, only Tc delay happens, and the peak current under faulty conditions will drop.

T0 T1 T2

Control

delay Modulation

delay

PWM carrier
Duty control 

signal
Tc

Tm

Figure 4. Typical delay added in a power converter controller. The measures are taken at T0, but Tc

is needed to calculate the next control signal. Finally, the control signal is updated and applied at T2.
Pulse width modulation: PWM.

As an example, Figure 5 shows all four possible cases in the up-slope PWM carrier semi-cycle,
but similar cases could be exposed in the down-slope semi-cycle. On the one hand, during the
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up-slope, if the previous control signal (D0) is greater than the triangular carrier value at T1, no extra
transition is guaranteed, and the new control signal (D1) could be updated without any additional
switching in the semi-cycle (Cases c and d in Figure 5). On the other hand, if D0 is lower than the
triangular carrier at T1, at least three transitions may occur if D1 is updated at T1: the first one belongs
to the D0 level; a second transition happens at T1; and a third transition will happen at the D1 level.
Consequently, the control signal will be updated in the next valley or peak to avoid extra switching
(Case a in Figure 5). Finally, Case b does not produce any extra-switching, but neither modifies
the control output.

T1

D0

D1

T0 T2a
T1

D0

D1

T0 T2b

T1

D1

D0

T0 T2c
T1

D1

D0

T0 T2d

D

Figure 5. All four possible duty updating cases in the rising PWM semi-cycle. The control signal
could be updated at T1 in Cases c and d, but must be updated at T2 in Cases a and b.

Graphically, Figure 6 shows an example of PWM signals generated in Cases a and c. In Case
c, the duty signal is updated (blue line) without producing extra switching, reducing the on state of
the semiconductor. However, in Case a, the control signal must be updated in T2 (solid blue line);
otherwise, two switching events will happen (dotted red line).

T1

D0

D1

T0 T2a

0

PWM

1

T1

D1

D0

T0 T2c

0

1

Figure 6. PWM signals generated with Cases a and c of the rising PWM semi-cycle. The red dotted
line points out possible malfunctioning with two switchings in the same semi-cycle if the proposed
rule is not applied. The blue line points out PWM signals generated with the duty signal updating
improvement (DSUI) method.

Following the same steps, along the modulation down-slope cycle, if D0 is lower than the
modulation value at T1, the control signal could be updated without any change in the switching
frequency. Figure 7 shows all four possible cases on the down-slope semi-cycle.
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T1

D0
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T1

D0

D1

T0 T2b

T1

D1

D0

T0 T2c
T1

D0

D1

T0 T2d

D1

Figure 7. All four possible duty updating cases in the falling PWM semi-cycle. The control signal
could be updated at T1 in Cases a and b, but must be updated at T2 in Cases c and d.

Fortunately, not all cases are relevant with respect to current faults. Therefore, a study could
be made to determine the effectiveness of the improvement in these special cases. There are two
fault conditions: a positive and a negative over-current peak. From here, the up-slope case will be
analyzed, but a similar reasoning could be done for the down-slope semi-cycle.

According to Equation (2), at instant k = 1, the worst over-current peak (IL0 ) would happen if
the current peak fault was add up over the maximum current value modulated. Consequently, D0

is expected to be positive and big enough. In addition, if a dangerous peak current happened, the
controller would have to drop IL to a safety region. According to Equation (2), to take down IL1 , D1

will be very low. Therefore, if a positive over-current peak happens, Case c of Figure 5 is expected.
As previously mentioned, this is one of the allowed cases to refresh the control signal, so the
over-current peak will be reduced.

A similar reasoning could be made with a negative over-current fault. On the one hand, now,
D0 is expected to be negative and big enough. On the other hand, from Equation (2), the D1 expected
value will be very high. Consequently, if a negative over-current peak happens, Case a or d of Figure 5
is expected. If Case d happens, the control signal will be updated, and the over-current peak will be
reduced. Unfortunately, if Case a happens, the method will not act in this semi-cycle.

Figure 5 points out that Tc influences the effectiveness of the method. If Tc is forced to zero,
all control steps will be in the c and d cases, so it is important to have a small delay Tc to short the
measured peak current in most situations.

Finally, one more action could be performed to reduce the over-current peak. A fault happening
in semi-cycle k will be measured at the beginning of the next semi-cycle k + 1, and the control action
will be placed at T1 in the best case or at the beginning of k + 2 in the worst case. Therefore, the
maximum delay could be 2Ts or Ts + Tc.

If Tc is relatively short, a new control step could be done at the middle of the semi-cycle. This
control signal will be applied with the same rules as the others, so in a general way, it will be placed
at the final part of the semi-cycle. In this case, if a fault happens at the middle of the semi-cycle k′, it
will be measured at the beginning of the next control step k′ + 1, and the control action will be placed
at T1 in the best case or at the beginning of k′ + 2 in the worst case. Therefore, the maximum delay
could be Ts or 0.5 · Ts + Tc. Assuming VL constant in a short period of time during the fault condition:

IL =
1
L

∫
VLdt −→ ∆IL =

VL

L
· Tdelay (4)
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where ∆IL is the expected increment on the peak current induced by the fault and Tdelay is the
time necessary to control the fault. Therefore, according to Equation (4), the peak current will be
reduced in:

PImax =
VL
L ·1.5Ts
VL
L ·2Ts

= 0.75 p.u.

PImin = limTc→0

VL
L ·(0.5Ts+Tc)

VL
L ·Ts+Tc

= 0.5 p.u.
(5)

where PI is the proportion of the peak current reduced with the improvement (between 50% and 75%).

3. Simulations

A high power industrial PV solar inverter has been modeled to test FPCC. However, similar
results could be obtained with other applications. The following devices have been modeled in
the simulation: a solar panel field; a detailed commercial model of a two-level three-phase power
inverter; a medium voltage transformer; the point of interconnection (POI) with the utility grid; a RL
divider to generate voltage sags and phase-jumps.

Two types of faults have been analyzed at full power. The worst cases described in the
international legislation [5–13] have been selected. The system will be tested against symmetric and
asymmetric voltage sags and phase-jump faults. Figure 8 shows line-to-line voltages of the deepest
faults of each type used to test the system. Case a shows a three-phase voltage fault with zero
remaining voltage. Case b shows an asymmetric voltage fault with two phases overlapped. Case
c shows a three-phase 45◦ voltage phase-jump. Finally, Case d shows the same phase-jump for only
one phase.

−1.0

−0.5

0.0

0.5

1.0

V
g
 (

p
.u

.)

(a)

−1.0

−0.5

0.0

0.5

1.0

V
g
 (

p
.u

.)

(b)

−1.0

−0.5

0.0

0.5

1.0

V
g
 (

p
.u

.)

(c)

−1.0

−0.5

0.0

0.5

1.0

V
g
 (

p
.u

.)

(d)

Figure 8. Line-to-line three-phase grid voltage for all types of faults tested. (a) Three-phase
zero-voltage fault; (b) asymmetric zero-voltage fault; (c) three-phase 45◦ voltage phase-jump and
(d) mono-phase 45◦ voltage phase-jump.
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Figures 9 and 10 show the transient power converter response against a 45◦ three-phase jump
disturbance and a 0.0 p.u. three-phase dip voltage, respectively, fired at 0.00 s. For both figures, (a)
shows the transient behavior of one phase voltage (Vg). Figure 9b shows the phase (θ) transient to
45◦ and Figure 10b the voltage module (m) transient to 0.0 p.u., during the fault. Cases c to e show
two curves fir each one; the solid line curve represents the evolution of the system with a classical
approach (CA), and the dashed line curve represents the evolution of the system with FPCC. Cases c
to e show the duty signal control (D), the stack output current (IL) and the converter output current
(Iout), respectively. Note that software protection (SP) and hardware protection (HP) thresholds are
pointed out over Case d and how, with the FPCC active, the threshold is not reached. As a result, the
unit remains connected. The Iout peak is reduced, too, but additional remaining peaks appear in the
converter output due to the line capacitor filter.
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Figure 9. DG response against a 45◦ phase-jump fault with the classical approach (CA) and FPCC
techniques. (a) Grid voltage; (b) phase; (c) duty control signal; (d) stack current and (e) converter
current output.
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Figure 10. DG response against a 0.00 p.u. three-phase dip voltage with the classical approach (CA)
and fast peak current (FPCC) techniques. (a) Grid voltage; (b) module; (c) duty control signal; (d) stack
current and (e) converter current output.
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However, results may differ depending the triggering time of the fault. To cope with this effect,
all cases have been repeated ten times, firing the fault at different instants to look for the worst case.
Table 3 shows a comparison of several phase-jumps and voltage sags. Several values have been
tested for both the mono-phase and the three-phase cases. In every cell, values at the left are for IL,
and values at the right are for Iout. In order to quantize the weight of each improvement in the overall
result, three cases are considered in the study: the classical approach (CA) method, only the FPPCS
algorithm and the complete FPCC technique.

Table 3. Simulations results against dip voltage and phase-jump faults. FPPCS, fast predictive peak
current saturation.

Fault Phases Value Max. IL-Iout p.u.

p.u./◦ CA FPPCS FPCC

Phase-jump 3 10 1.34–1.67 1.29–1.54 1.18–1.51
Phase-jump 3 20 1.42–1.83 1.36–1.60 1.21–1.60
Phase-jump 3 30 1.49–1.93 1.39–1.65 1.23–1.64
Phase-jump 3 40 1.56–2.02 1.41–1.69 1.25–1.66
Phase-jump 3 45 1.59–2.04 1.42–1.73 1.26–1.67
Phase-jump 1 10 1.32–1.65 1.27–1.47 1.18–1.46
Phase-jump 1 20 1.44–1.81 1.35–1.55 1.20–1.55
Phase-jump 1 30 1.50–1.92 1.38–1.60 1.22–1.59
Phase-jump 1 40 1.60–1.99 1.40–1.65 1.24–1.61
Phase-jump 1 45 1.62–2.01 1.40–1.68 1.24–1.62
Dip voltage 3 0.2 1.51–1.79 1.32–1.56 1.18–1.53
Dip voltage 3 0.1 1.65–2.00 1.38–1.65 1.22–1.62
Dip voltage 3 0.0 1.83–2.26 1.45–1.83 1.28–1.79
Dip voltage 1 0.2 1.47–1.75 1.30–1.54 1.18–1.48
Dip voltage 1 0.1 1.61–1.95 1.36–1.64 1.21–1.61
Dip voltage 1 0.0 1.77–2.20 1.42–1.81 1.26–1.78

Table 3 shows FPCC over-currents about 0.4 p.u. lower than the CA method and helps to
maintain the range of operation of the converter (SP at 1.3 p.u.). The table also shows results for
the influence of every part of the method.

4. Experimental Validation

FPCC results had been verified experimentally. A real high power test bench has been used with
a three-phase two-level grid-tied inverter DG for PV applications.

The same voltage sags and phase-jumps of simulation tests have been selected, in accordance
with the fault descriptions of the main international legislation [5–13]. All tests have been repeated
five times to ensure results with different triggering conditions, and the tests were performed with
CA, only FPPCS and FPCC complete improvement to compare the results.

Repeating simulation tests, Figures 11 and 12 show the transient power converter response
against a 45◦ three-phase jump disturbance and a 0.00 p.u. three-phase dip voltage, respectively,
fired at 0.00 s. For both figures, Curve a shows the transient behavior of Vg. Cases b and c show IL

with CA and FPCC, respectively. Finally, Cases d and e show Iout with CA and FPCC, respectively.
The SP threshold is not reached in the case of FPCC active, verifying the simulation results.

Finally, all tests have been repeated ten times, and the worst results are shown in Table 4.
Three cases are considered in the study: CA, only FPPCS and FPCC complete methods. Again, the
simulation results are validated, and the experimental peak current working under faulty conditions
is greatly reduced with FPCC.
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Figure 11. DG response against a 45◦ phase-jump fault with the CA and FPCC techniques. (a) Grid
voltage; (b,c) stack current and (d,e) converter current output.
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Figure 12. DG response against a 0.00 p.u. three-phase dip voltage with CA and FPCC techniques.
(a) Grid voltage; (b,c) stack current and (d,e) converter current output.

Table 4. Experimental results against dip voltage and phase-jump faults.

Fault Phases Value Max. IL p.u.

p.u./◦ CA FPPCS FPCC

Phase-jump 3 10 1.15 1.15 1.12
Phase-jump 3 20 1.21 1.18 1.12
Phase-jump 3 30 1.59 1.17 1.15
Phase-jump 3 40 1.69 1.25 1.17
Phase-jump 3 45 1.73 1.24 1.24
Phase-jump 1 45 1.26 1.16 1.16
Dip voltage 3 0.2 1.65 1.27 1.14
Dip voltage 3 0.1 1.74 1.34 1.16
Dip voltage 3 0.0 1.87 1.52 1.21
Dip voltage 1 0.0 1.46 1.26 1.17
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4.1. Model Validation

Finally, a transient comparison between simulations and experimental results could be very
meaningful in order to validate the model. Two cases are considered, both for a three-phase
zero-voltage remaining fault; one case under a classic control approach and the second with the
proposed FPCC method.

Figure 13 shows the voltage and stack current outputs for a 0.00 p.u. three-phase dip voltage with
the CA technique. Cases a and b show line-to-line voltage and how the voltage is generated at the
same instant and with the same behavior for simulations and experiments, respectively. Additionally,
Cases c and d show the stack output currents for the three phases. Results show approximately the
same magnitudes in simulations and experiments.
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Figure 13. Simulation and experiment response against a 0.00 p.u. three-phase dip voltage with the
CA technique. (a) Simulation line-to-line three-phase grid voltage; (b) experiment line-to-line grid
voltage; (c) simulation stack current outputs and (d) experiment stack current outputs.

Moreover, Figure 14 shows the voltage and stack current outputs for a 0.00 p.u. three-phase dip
voltage with the FPCC technique. The same four cases are presented (grid voltage and output stack
currents in simulation and experimental tests). Again, the same behavior is proven for simulations
and real experiments, observing the same slopes and peak current magnitudes.

In conclusion, Figures 13 and 14 prove that the simulation test model has a very accurate
response compared to real experiments. Therefore, the simulation test results presented are validated.
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Figure 14. Simulation and experiment response against a 0.00 p.u. three-phase dip voltage with the
FPCC technique. (a) Simulation line-to-line three-phase grid voltage; (b) experiment line-to-line RS
grid voltage; (c) simulation stack current outputs and (d) experiment stack current outputs.

5. Discussion

The proposed FPCC highly reduces the peak currents detected by the converters of DGs. The
method theory has been analyzed in detail, and results verify the effectiveness of the method via
simulation. Furthermore, an experimental validation with an industrial high power solar power
converter has been performed with excellent results. The relationship between simulation and
experimental results is consistent, so the models used have proven their efficacy.

Peak currents for all types of faults (voltage sags and phase jumps) have been reduced, avoiding
critical thresholds. Severe faults cause larger peaks currents than small faults under a classical control
technique. However, peak currents do not increase in the same way with the FPCC technique.
The increment of peak current magnitudes is flatter with FPCC than with a classical approach.
Consequently, the range of tolerance against faults is increased.

Note that the FPCC threshold is set to 1.05 p.u. for all tests. Results show peak currents between
1.12 p.u. and 1.24 p.u. Therefore, the control threshold has been passed only 0.07–0.17 p.u. Therefore,
the efficiency of the method has been measured.

The output current of the converter is greater than the stack output current significantly. This
is due to the energy saved in the AC capacitors of the output filter of the converter. The peak
current component due to AC capacitors is not reduced with FPCC, because it is not controlled by
the converter. Therefor, the output current of the converter is greater than the stack current output.
However, the most critical components against peak currents are IGBTs, so the extra current added
by the capacitors does not increase the risk of failure.

Finally, the main advantages of FPCC are summarized in the next sentences:
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• The peak current has been reduced between 0.4 p.u. and 0.7 p.u. for the worst cases.
• The method helps to comply with international MTRs.
• The method prevents the unit from tripping by over-current, reducing production losses and

helping the grid recover from the fault.
• Reducing peak currents prevents unit damage. Consequently, the MTBF of the units is longer.
• The method does not need any additional hardware, so it is very inexpensive and easy to

implement in existing units.

6. Experimental Section

6.1. Simulations

A high power industrial PV solar inverter has been modeled to test FPCC. Simulations had been
performed with the electric transient power tool EMTDC/PSCAD V4.2.

Figure 15 shows a detailed description of the simulation. The simulation includes:

• Solar panel field model.
• Detailed commercial two-level three-phase grid-tie inverter; the inverter acts as the device

under test (DUT) of the simulation.
• Medium voltage transformer.
• POI with the utility grid.
• Variable parallel impedance load to perform voltage sags and phase-jumps.

Electric grid

23kV 60Hz

DUT

AC

DC

600 kVA

23kV/240V

PV Panel

Resistive

load

For phase 

jumps

Inductive 

load

for voltage 

sags

POI

Figure 15. Detailed simulation scheme to test FPCC.

The PV panels have been modeled according to the diode model [24]. The main parameters
used to configure the panel are summarized in Table 5. Test conditions have been set to reach
maximum power.

Table 5. PV panel model setup.

Panel Nominal Values Value Test Conditions Value

Active power (PMPP;STC) 500 kW Temperature (T) 25 ◦C
Voltage (UMPP;STC) 825 V Irradiance (G) 1000 Wm2

Temperature (TSTC) 25 ◦C Panel technology Value
Irradiance (GSTC) 1000 Wm2 Coefficient of voltage change Ffu 0.8 p.u.
Temperature model Value Coefficient of current change Ffi 0.9 p.u.
Temperature correction T0 0 ◦C Technology coefficient Cg 2.514× 10−3 W/m2

Irradiance gain k 0.03 m2/W Technology coefficient Cv 0.08593 p.u.
Time constant τ 300 s Technology coefficient Cr 1.088× 10−4 m2/W

Irradiance change Vl2h 0.95 p.u.
Current temperature α 0.0004 p.u.
Voltage temperature β −0.004
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The main parameters of the commercial two-level three-phase grid-tie inverter are summarized
in Table 6. Nominal values, inner current control PIDs, switching frequency, software protections and
the FPCC setup are detailed.

Table 6. Grid-tied inverter setup.

Parameter Value Parameter Value

Nominal active power PDG 500 kW Over-current software protection SP 1.3p.u./0.1 ms
Nominal output current In 1202 A Over-current hardware protection HP 1.4 p.u.
Nominal grid voltage Vn 240 V Active current control kpD = 0.05

kiD = 5
FPPCS limit IFPPCS 1.05 p.u. Reactive current control kpQ = 0.05

kiQ = 5
Delay control time Tc 0.6 p.u. PWM frequency fPWM 1980 Hz

The POI is simulated with an ideal three-phase voltage source at VL = 23 kV and f = 60 Hz, with
a short circuit power (Ssc) of 500 MVA. Additionally, the medium voltage transformer is detailed in
Table 7. Finally, faults are modeled with an RLthree-phase impedance, regulating values to desired
faults.

Table 7. Medium voltage transformer setup.

Parameter Value Parameter Value

Primary winding voltage 23 kV Nominal power 0.6 MWe
Secondary winding voltage 0.24 kV Nominal grid frequency 60 Hz
Winding type Y∆ Leakage reactance 0.12 p.u.

Copper losses 0.01 p.u.

6.2. Testbench

FPCC results had been verified experimentally with a real high power test bench. Figure 16
shows a diagram (a) and a photo (b) of the test bench used for the experiments.

ELECTRIC GRID

400 V 50Hz

1000 kVA

400V/240V

AUXILIARY SYSTEM

400 V
AC

DC

DC

AC

DUT

AC

DC

Electronic 

generator

Rectifier

100 kVA

400V/230V

(a) (b)

Figure 16. Test-bench scheme (a) and panoramic view (b); the device under test (DUT) is on the right
side of the photo, and the rectifier and generator are in the background. The power transformer is
inside the metallic jail.

The utility grid was emulated with an electronic power converter generator in order to perform
controlled faults. A three-phase two-level converter was used. A grid of 240 V and 60 Hz was
generated to perform all tests.
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The DUT selected was a commercial high-power three-phase two-level grid-tied inverter DG for
PV applications. The converter was set according to Table 6.

PV panels were emulated with a controlled rectifier that provided a suitable DC voltage input for
both the DG and the electronic generator. A three-phase two-level converter was used. The rectifier
could provide a DC-link input voltage from 425 V–825 V.

The transformer has a YY configuration, with winding voltages of 400 V:400 V and a short-circuit
impedance of 0.09 p.u. Finally, all wiring in the test bench was enough to fulfil the power demands,
and no significant inductance was added (three wires of 240 mm in diameter per phase).
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