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A B S T R A C T

This paper describes an advanced control strategy of a bidirectional three-phase PWM AC/DC converter em-
bedded between a micro-grid and utility. This converter proves an ability to control a bidirectional power flow.
Firstly, the improved control strategy is based on direct power control using a new switching lookup table
obtained from the derivative analysis of the active and reactive power. Furthermore, the improved control
strategy is verified by simulation. In addition, many operating modes are established due to verify the capability
of a bidirectional power flow of the converter. Particularly, authors focus on three operating scenarios which are
cited as follow: Inversion Mode (IM), Shut-Down Mode (S-DM) and Rectification Mode (RM). Moreover, the
authors show the capability of the DPC with respect to the LVRT for Tunisian grid. Finally, the performances of
this converter are validated experimentally using a Dspace 1104 board, a bidirectional AC/DC converter and the
wind turbine using a SM connected with the rectifier. The simulation results compared to the experimental ones
demonstrated the good performances of the proposed control strategy.

1. Introduction

In order to offset the growing demand for electricity in the world,
the majority of countries are investing in the development of new re-
newable sources such as Wind Energy, Fuel Cells and Solar Energy
[1–3]. For this purpose, the integration of a bidirectional AC/DC con-
verter is necessary for the interfacing between the renewable energy
sources and grid. However, its control strategy has attracted the at-
tention of researchers since it has a THD ratio meeting the standards
IEEE Std 519™ ‒ 2014 [4]. Several control approaches of the bidirec-
tional AC/DC converter are cited in the literature [5–7], Voltage Or-
iented Control (VOC) [8], Virtual-Flux Oriented Control (V-FOC) [9],
Voltage-based Direct Power Control (V-DPC) [9], Virtual-Flux-based
Direct Power Control (VF-DPC) [10]. In this paper, we introduce an
improved DPC approach since it has several advantages [9,11].

First, the PWM voltage modulation block is not separated. In con-
trast, the active and reactive power control is decoupled and the control
is activated without a current regulation loops. In addition, this control
technique gives good dynamic performances. Consequently, the im-
provement of power factor and efficiency is accomplished.

Because of its main role in the majority of applications, various
studies are being raised around the bidirectional AC/DC converter.
Thus, in the literature, three operating scenarios are studied.

Firstly, an improved control strategy for bidirectional AC/DC

converter is developed in Ref. [1]. Then, Rakesh et al. described the
three modes of operation (Inversion Mode, Shut-Down Mode and Rec-
tification Mode). Moreover, they practically justified simulation results
on an OPAL-RT test bench. However, this work has been done for a
bidirectional single phase AC/DC converter. In addition, in order to
reduce switching losses, a new control strategy has been addressed for a
bidirectional AC/DC converter in reference [12]. So, Yi L. discussed
only two modes of operation (rectifier and inverter). Finally, they have
completed this work with an implementation of the control law on a
Spartan-3E XC3S250E FPGA board. Furthermore, three operating
modes such as Grid-Connected Mode (Inversion Mode and Rectification
Mode) and Isolated Mode (Shut-Down Mode) are described in Ref. [13].
Indeed, Xiong et al. intercalated a bidirectional three-phase converter
between AC Micro-grid and DC Micro-grid. Moreover, they simulated
these three operating scenarios in Matlab/Simulink. Finally, however
the interest of this work, the authors not validated experimentally these
three operating modes.

With more generators connected to low-voltage grids, new ques-
tions regarding power stability during fault have arisen grid codes are
constantly reviewed and adapted to account for an increasing share of
distributed generation Low-Voltage Ride-Through (LVRT) capability is
not a new requirement. In low voltage grids, this topic is becoming
increasingly pertinent (LVRT). Indeed, Lohde et al. [14] developed an
improvement of the direct power control (DPC) method for generators
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supplying the converter in wind turbine applications with disturbed
mains voltages. An experimental validation is missing in this work.
Moreover, a novel LVRT control strategy for the permanent magnet
synchronous generator based wind power system has been an object of
research in reference [15]. Cheng et al. described the two grid and
generator sides converters which had both intended to regulate the DC-
link voltage when the grid voltage dips deeply. They discussed only
LVRT for the PMSG based wind power system. Finally, Mendes et al.
[16] intended to investigate the behavior of a converter wind generator
with a permanent magnet synchronous machine during asymmetrical
and symmetrical voltage sags. Two solutions to improve the low voltage
ride-through capability (LVRT) of this technology are analyzed: dis-
charging resistors (brake chopper) and resonant controllers (RCs). Au-
thors have not tested both strategies because they directly affect the
mechanical system, causing undesired stress.

The main contribution of this paper explains an advanced control
strategy DPC performed for the bidirectional three phase converter
(AC/DC). The instantaneous active and reactive powers are controlled
using the improved direct power control strategy (DPC) based on a new
switching table. Moreover, this paper focuses on bidirectional AC/DC
converter control strategy for different operating modes such as grid
connected mode (inversion mode and rectification mode) and isolated
mode (Shut Down Mode). The capability of LVRT in Tunisian grid code
requirements was investigated using a precise dynamic model.
Furthermore, authors propose a LVRT control scheme for a voltage

drops faults. This study was carried out to enhance the quality of the
power injected into the electrical grid.

Finally, to validate the proposed control strategy, simulation results
are presented. The experimental results obtained by implementing the
control algorithm are given, also, in the last section of this paper to
prove the validity of the adopted control.

Section II of this paper discusses the description of the bidirectional
three-phase AC/DC converter as well as its three operating modes.
Section III describes the improved DPC control strategy. In section IV,
authors explain the proposed control strategy for LVRT and enhanced
reactive power support. Fifth section comments the simulation and
experimental results. Finally, the concluding section summarizes the
different parts of the paper.

2. System description

The system, as shown in Fig. 1, consists of the bidirectional three-
phase AC/DC converter, AC side is connected to grid, for the DC side is
connected to DC loads and wind turbine emulator and a SM connected
to the rectifier. The converter’s dynamic response is verified with dif-
ferent conditions such as variation in load, variation in voltage source,
and variation in both load and voltage source. The load variation is
tested using the resistors with toggle switches. The DC source corre-
spond to the wind turbine emulator, synchronous generator and full
bridge rectifier. In addition, two electrical switches are placed, one

Nomenclature

C DC-link capacitor
DPC Direct power control
DTC Direct torque control
ea b c, , Terminal voltage of the PWM rectifier
f Source voltage frequency
fs Sampling frequency
ia b c, , Line current
Ich Load current
IM Inversion mode
In DER system’s nominal current
Iq Instantaneous DER system reactive current injected during

the fault
Iq0 DER system reactive current output just prior to the fault
L Inductance of reactor
LVRT Low Voltage Ride Through
pinst Instantaneous active power
Pref Active power reference
PWM Pulse width modulation

qinst Instantaneous reactive power
Qref Reactive power reference
R Resistance of reactor
RL Load resistance
RM Rectification mode
Sa, Sb, Sc Switching states of the converter
SG Synchronous generator
S-DM Shut-Down Mode
SM Synchronous machine
THD Total harmonic distortion
Ub RMS base line voltage
va b c, , The line – to – neutral voltage
vdc DC-link voltage
vdcr DC-link reference voltage
Vf Positive sequence PCC voltage during the fault
vm Peak voltage of the line – to – neutral grid voltage
Vn Nominal positive sequence PCC voltage

IΔ q Relative amount of capacitive −( Q) or inductive +( Q) re-
active current injected by the DER system during the fault

VΔ f Relative change in PCC voltage during the fault

Fig. 1. The bidirectional three-phase AC/DC converter overview.
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between the DC load and the converter, and the other between the wind
turbine emulator and the converter. These switches allow us to estab-
lish three operating scenarios which are described below: rectification,
inversion, and Shut-Down Modes.

2.1. Inversion mode

In this mode, a converter operates in the unit power factor (UPF),
the reactive power is maintained at zero. The authors have chosen to
evaluate the behavior of the converter when the switching modes in
unit power factor operation. Knowing that the converter can be operate
in a variable reactive power since the power factor changes such as
indicated in Ref. [1]. In order to achieve the inversion operating mode,
the DC source must be increased up to until the latter becomes higher
than the DC load. So, the PI controller detects that the DC bus voltage
error eʻ ʼ alter to negative. This error eʻ ʼ is the difference between the DC
bus voltage vdc and its reference vdcr . The converter requires to transfer
the power from the DC side to AC grid. In the other words, the wave-
forms are 180° out of phase of the line-to-neutral voltage va and the line
current ia which justifies the inversion mode. While keeping purely si-
nusoidal curves and a very low THD.

2.2. Shut-Down Mode

In order to establish the Shut-Down Mode (S-DM), powers that de-
livered by the grid and that delivered or absorbed are equal. At this
moment, the converter is in the shut-down state. This equality of power
is acquired either by slow stirring on the independent excitation of the
synchronous machine or vary the load until to get the Shut-Down Mode.

2.3. Rectification mode

The rectification mode (RM) is established when the voltage of DC
source is less than the voltage of DC load. This condition is obtained
when the increase the AC source voltage of grid. Therefore, the dc-bus
voltage vdc decreases relative to its reference value vdcr. So, the PI con-
troller spots that the DC bus voltage error eʻ ʼ turn unto positive. The
converter requires to inject the power from the AC grid to the DC load
side.

3. Principle of DPC

DPC is based on the instantaneous active and reactive power control
loops [6,9,17–19]. In DPC, there are no internal current control loops
and no PWM modulator block, because the converter switching states
are selected by a switching table based on the instantaneous errors
between the references and estimated active and reactive powers.

3.1. Proposed switching table

The mathematical model of the circuit shown in Fig.2 is as follow:
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The input/output voltage of the converter are given by:
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Subsequently, by multiplying this state model (1) by the Park's
matrix transformation [20,21], the new state representation of the
system becomes (3):
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Adding that after calculation and considering that the power source
is ideal, the balanced three-phase system v v v( , , )a b c can be describe, if
we consider the d axis of the Park’s reference frame aligned with the va
voltage angle, we obtain the following expressions : =v V3/2d m and

=v 0q .
The ac terminal voltage system e e e( , , )a b c of the PWM rectifier can

be expressed versus of six active vectors such as:
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where = …k 1, ,6.
The mathematical expression of the instantaneous active and re-

active powers in the Park’s d q_ frame has the following form:
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In fact, the DPC is based on the calculation of instantaneous active
and reactive powers. Thereafter, in order to establish the new switching
lookup table, it is necessary to calculate the variations of the powers as

Fig. 2. The bidirectional three-phase AC/DC converter.
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follows:
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We can neglect the voltage drop across the resistor R of the filter. In
addition, the instantaneous reactive power is set to zero. Therefore,
these two conditions with (4), give the variation of power and can be
rewritten by the following equation:
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In order to establish the new switching lookup table, we plotted the
variations of the instantaneous active and reactive powers as given by
each voltage vector, such as indicated by Fig.3.

Consequently, we implement all the voltage vectors for each sector
while specifying the sign of the variations of the active and reactive
powers. Sector I is used as an example as shown in Table 1.

Knowing that the sector I is defined by the angle θ( ) between −30°
and 0°. Moreover, the angle theta θ( )n , for twelve sectors, is governed by
the following equation:

− < < −n π θ n π( 2)
6

( 1)
6n (8)

where = …n 1, 2, ,12.
Fig.4 includes the twelve sectors as well as the eight vectors of

which six are active and the other two are zero.

3.2. Power hysteresis comparator

Moreover, the error between the instantaneous value and its re-
ference for the active power respectively for the reactive power

= −p P pΔ ref inst and = −q Q qΔ ref inst must be calculated. So as to digi-
tize these two errors, we use the hysteresis comparators. In addition to
that,Qref is set to zero to accomplish unity power factor. However, Pref is
given by the output of the PI regulator and the dc-bus voltage vdc.

These digitized errors of the active power S( )p and reactive power
S( )q , such as shown in Fig.5, as defined as:

Fig. 3. Active and reactive power variation versus grid voltage position for various converter voltage vectors.

Table 1
Signs of slope in active and reactive power variation for Sector I.

dpinst
dt

dqinst
dt

>0 <0 >0 <0

v v v v v v, , , , ,0 7 2 3 4 5 v v,1 6 v v v v v, , , ,0 7 2 3 1 v v v, ,4 5 6

Fig. 4. Twelve sectors on stationary coordinates to specify voltage phase.
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where Hp and Hq are the hysteresis bands that specify the control of
active and reactive powers.

In fact, when the variations p qΔ / Δ are injected to input of hysteresis
comparators, we obtain three cases which are described such as follow:

Case I: When the variation p qΔ / Δ exceeds the positive hysteresis
bands H H/p q, the outputs S S/p q will be equal to 1. In this situation, the
gates of the converter receive the driving signals of PWM which should
be to increase the power.

Case II: When the variation p qΔ / Δ are lower than the negative
hysteresis bands − −H H/p q, the outputs S S/p q will be equal to 0.
Therefore, the gates of the converter receive the driving signals of PWM
which should be to decrease the power.

Case III: when the variation p qΔ / Δ are between the positive hys-
teresis bands H H/p q and the negative hysteresis bands −H H/p q. So, the
gates of the converter keep the same driving signals of PWM from the
previous case.

The same method is used to determine the lookup table given in
Table 2. This table gives us good performances especially at the level of
the THD and the pure sinusoidal form of the injected current.

3.3. PI regulator of the DC bus voltage

By neglecting the active losses in the converter and in the coupling
inductors, the active power is given by the following equation:
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Using Laplace transformation, we got
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The power inner loop can be considered as a small inertia link, due
to high switching frequency of the power inner loop.

=
+

G s
T s
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p (12)

From the above, we obtain the structure of the control system, as
followed. Fig. 6 described the transfer function of the system and the PI
regulator.

If ≪T Tp c, ≪T R cp L , equivalent small inertia link of power inner
loop can be neglected. If the parameters satisfy ≪T wc c cut-off angular
frequency, the open-loop transfer function of the control system can be
simplified to the standard transfer function of classic II system.
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From the above equation, the control system is second order system
and second order optimum tuning can be used to determine Kp and Ki.
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DPC scheme is based on the instantaneous active and reactive power
control loops. As shown in Fig. 7, the switching states of the PWM
rectifier are selected by a predefined switching table, based on the di-
gitized signals "Δ "p and "Δ "q of tracking errors of active and reactive
power, respectively, provided by a fixed band hysteresis comparators
and the position of the power-source voltage vector.

4. Proposed control strategy for LVRT and enhanced reactive
power support

Power generation systems connected to the grid can have a negative
impact on it. Therefore, several countries suggest grid-code regulations
to mitigate the negative impacts. Grid-code regulations differ from
country to other [22,23]. In general terms, the grid-code regulations
define that systems have to remain connected to the grid when the
voltage drops for a specified time and support the grid with a reactive
current [24]. This requirement, known as a Low-Voltage Ride-Through

Fig. 5. Power hysteresis comparators.

Table 2
The new switching table for DPC.

Sp Sq θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 θ9 θ10 θ11 θ12

1 0 v5 v5 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4
1 v0 v0 v0 v0 v0 v0 v0 v0 v0 v0 v0 v0

0 0 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6
1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1

Fig. 6. Closed loop of the system and a PI
regulator.
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Fig. 7. Block diagram of a DPC strategy.

Fig. 8. The voltage profile for fault ride-through capability.

Table 3
LVRT parameters.

Time Value Voltage Value

t s[ ]1 (50 Hz cycles) 0.1 (5) V [%]1 100
t s[ ]2 (50 Hz cycles) 0.25 (12.5) V [%]2 40
t s[ ]3 (50 Hz cycles) 0.4 (20) V [%]3 89

Fig. 9. A typical characteristic of maintaining the reactive current.

Fig. 10. Static reactive support: Constant power factor scheme.

Fig. 11. Reactive current during LVRT.
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(LVRT), is needed to avoid grid blackouts [15].
The LVRT requirement is crucial for grid-code regulations. The

requirements are different regarding a fault duration and the injection
the reactive power depending on the voltage drop ratio. This require-
ment ensures that the system connected to the grid operates properly
when the grid voltage drops. The LVRT requirement contributes to the
recovery of the grid voltage by supplying the reactive current in the
designated voltage range. In order to satisfy the LVRT requirement, a

Fig. 12. Active and reactive power references under LVRT.

Fig. 13. The principle control scheme of LVRT.

Fig. 14. Experimental Setup of a bidirectional three phase AC/DC converter.

Table 4
Parameters used in simulation study of LVRT.

Parameter Notation Value

Sampling frequency fs kHz20
Filter resistor R 0.6 Ω
Filter inductor L mH12
DC-link capacitor C μF1100
Load resistance RL 100 Ω
The line-to-neutral voltage (RMS) e V78
Source voltage frequency f 50 Hz
DC-link Voltage vdc 200 V

F. Tlili, et al. Electric Power Systems Research 179 (2020) 106078
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proper control of the reactive current in the grid-connected system is
necessary. In this paper, during grid faults, a LVRT strategy proposed
for the DC/AC inverter provided reactive support to the power grid and
maintained the energy balance of the system in a manner that complies
with Tunisian grid codes.

4.1. Holding the voltage

The connection of the production unit to the low voltage grid must
not induce exceeding of the voltage limits as defined in the terms of
reference for the supply of electrical energy, i.e.± 10% of the nominal
voltage in low voltage. In abnormal operation, the unit electricity
production from renewable energy must maintain connected to the grid
in the case of voltage drops of at least one of the three phases up to a
value of 0.3 (pu). (30% of nominal voltage) for a minimum period of
200 (ms). For voltage values between 30% and 90% of the nominal
value, linear interpolation is applied according to the following LVRT
curve. During a voltage drop (one of the three phases< 90%) the ab-
solute value of the current must not exceed current value before the
voltage drop.

Fig. 8 investigates the voltage profile under voltage drop. A 60%
voltage drop appears at t = 0.1 s and lasts 150 ms. The specific voltage

and time values assumed for Fig.8 [25] are shown in Table 3.

4.2. Holding of reactive current

In order to stabilize the voltage across the electrical grid, in the case
of a voltage dip, the injection of a reactive current by a wind generation
unit as shown in Fig.9 must satisfy the following conditions:

• The duration of the injection of reactive current must be carried out
in a time less than the minimum time of elimination of the fault, this
delay is fixed at 60 ms.

The difference between the voltage before and after the dis-
turbances; = ±ΔU U U10% .n n: is a permissible rated voltage. Where ΔU:
Difference between voltage before the disturbance and after the dis-
turbance at the local connection point of the production (pu) [26].

The difference between the current before and after the dis-
turbances; =ΔI KΔUQ , K is defined as a proportionality factor between
the current and the voltage, it is adjustable by the dispatching center
and it's between 0 and 10. ≤ ≤(0 K 10). Where ΔIQ: Additional reactive
current at the local connection point of the production unit in (pu).

Fig. 15. Waveforms of v i( , )a a in three modes: (a) Simulation results (b) Experimental results.
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• The permissible tolerance for the injected reactive current is,
= ±ΔI 20% IQ n.

4.3. Requirements for supply of reactive power

In occurrence of grid voltage dips, a mismatch is produced between
the generated power and the generating power delivered to the grid.
When fault occur on the network to support grid voltage during and
after the fault, DER should supply reactive power to the grid.

4.4. Static voltage support

Steady-state PCC power factor requirements will also play a key role
in assigning the reactive power sink/source capabilities of DER units
within an electrical network. Grid operators can request the energy
supplier to provide static voltage support du ring stable conditions
while controlling the reactive power. Fig. 10 illustrates the power factor
imposed at the PCC, this is shown by the straight lines. Summarized by
Eq. (15).

⎜ ⎟= ⎛
⎝

⎞
⎠

Q ϕ P0.9
0.19

tan
(15)

where:

− ≤ ≤− −ϕcos (0.9) cos (0.9)1 1

P is a percentage of the contracted power and Q is a percentage of the
maximum (absolute) valued reactive power output of the DER system.

4.5. Dynamic voltage support

The dynamic voltage support scheme to be implemented during
LVRT conditions is shown in Fig.10 [25].

Fig.11 shows the voltage dead-band of ± 10% [27–29]. This band
deactivates any injection of initial reactive current. When the PCC
voltage is outside this band, the control system initializes the dynamic
support of the voltage. For serious sagging or swelling of the voltage,
the DER system must be able to supply a current |I |q corresponding to
100% of In [22].

The parameters ΔIq and ΔVf are defined as:

= −I I IΔ q q q0 (16)

= −V V VΔ f f n (17)

4.6. Proposed LVRT control strategy and analysis of PCC voltage variation

In the event of a fault (voltage drop), the DER must provide a

Fig. 16. Simulation and Experimental Results for the bidirectional three phase ac/dc converter during three operating modes (A) Simulation results (B) Experimental
results: (a) Active powers, (b) Reactive powers, (c) DC-link voltage and the load current.
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reactive power proportional to the magnitude of the voltage drop. In
addition, the current injected from the grid must not exceed the nom-
inal value in order to protect the semiconductor of the switching con-
verter.

The relationship between the grid voltage, the reactive power in-
jected into the grid and the active power reference is given by:

⎧

⎨
⎪

⎩
⎪

= −

⎧
⎨
⎩

> ⟹ = − −
− < < ⟹ =

Q kU U

P if U P U I K U U
if U P P

_ (1 )

: Δ 0.1 (1 )
0.1 Δ 0.1

inst pu

ref
ref n

ref ref

2 2 2 2 2

(18)

where:

=U
RMS line to line voltage

Ub

Ub: Line to line base voltage.
Fig.12 depicts the references active and reactive powers and under

LVRT.
Fig. 13 presents the principle of control scheme of LVRT. The main

bloc is composed by a wind turbine emulator connected to a SM. The
SM is connected with rectifier. The connection to the electric grid is
ensured through a bidirectional three phase AC/DC Converter. Under
grid voltage drop (bloc a), the LVRT requirements must be met. Hence,
both the active and reactive references powers for the DC/AC converter
are given by the LVRT requirement (bloc b).

5. Simulation and experimental results

To evaluate the dynamic responses of the proposed system, different
simulations were performed using MATLAB/Simulink software to ex-
amine the control algorithm using the improved DPC approach for
controlling the bidirectional three phase AC/DC converter.
Experimental tests on a dc/ac system identical to that used for simu-
lation were performed. Furthermore, the adopted control strategy is
implemented on real time board (Dspace RTI1104) from a micro-
processor Power PC. The basic structure of the laboratory set-up is

shown in Fig. 14. The system, consists of a AC/DC converter (SEMIK-
RON inverter), the AC side is connected to the grid. The DC side is
connected to the loads (resistive loads) and the synchronous generator
(SG) based on wind turbine emulator is considered.

The converter’s dynamic response is verified with different oper-
ating modes such as variation in load, variation in voltage source. DC
source is realized using the wind turbine emulator, three phase per-
manent magnet synchronous generator and three phase diode bridge
rectifier. The parameters for the system described are shown in Table 4.

The experimental test was organized into two cases as follows:

• Case 1 presents a AC/DC converter control strategy for different
modes of operation (Inversion Mode, Shut-Down Mode,
Rectification Mode).

• Case 2 focuses on the capability of DPC against LVRT test.

6. Case I: simulation and experimental results of AC/DC converter
control strategy for three different modes of operation (Inversion,
Shut Down and Rectification Modes)

Fig. 15(a) shows the simulation results under both Inversion, Shut
down and Rectification modes, respectively. The first mode of operation
is the inverter (0–0.1 s; 0.4–0.5 s and 0.8–0.9 s). It is remarkable that
voltage and current are 180° out of phase.

Concerning the Shut-Down Mode (0.1–0.2 s; 0.3–0.4 s; 0.5–0.6 s;
0.7–0.8 s and 0.9–1 s), the converter is neither delivering nor absorbing
the active/reactive power. The last mode is that of the rectifier
(0.2–0.3 s; 0.6–0.7 s), we notice current and voltage are in phase.
Fig. 15(b) shows the experimental results under both inversion, shut-
down, and rectification modes for the converter, respectively. In this
case, we tested the responses of the AC/DC converter using DPC control
under three different operating modes.

From the results given in Figs. 16(a) and (b) which are obtained by
simulation and experimental tests, it is clear that the decoupling be-
tween the active and reactive powers is always achieved with high
performances (fast response time, minimal static error).

Fig. 17. FFT analysis of the line current.
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The active powers are presented in Fig. 16(a). While noticing that,
the active power converged to its desired reference with fast dynamic.
However, it is noted that the waveforms of active powers are given for
the three operating modes; the negative sign of active power presents
the inversion operation of the converter, the positive sign shows the
rectification operation. Whereas, the active power is zero, this mode is
the shut-down.

The tests examine the control algorithm under unit power factor, as
the reactive power reference is zero, converter switches to UPF mode
such as shown in Fig. 16(b).

It is to note, also, that the presented test proves that the in-
stantaneous active and reactive powers are separately controlled and

confirms the high dynamic performance of the decoupling between the
active and reactive powers given by the adopted controller.

In addition, the evolution of the dc current (I )dc is presented in
Fig. 16(c),which is following the operating mode of the AC/DC con-
verter. During test, a good current shaping appears in the three modes.
The instantaneous operating-mode change capability is one of the most
attractive advantages of the converter with Direct Power Control
method.

It can be noticed that the dc output voltage v( )dc is approximately
equal to 200 V. It is shown that has smooth waveform. And also, it can
be regulated the voltage suitably with PI controller. The DC voltage
pulsations are very low in the operating modes. The proposed improved

Fig. 18. Simulation and Experimental Results for the bidirectional three phase AC/DC converter during LVRT test (A) Simulation results (B) Experimental results: (a)
Voltage profile of LVRT, (b) Active powers, (c) Reactive powers, (d) DC-link voltage.

F. Tlili, et al. Electric Power Systems Research 179 (2020) 106078

11



DPC algorithm obtained clearly improved performances with smoothed
active/reactive powers.

The FFT analysis of the current waveform is shown in Fig. 17. The
FFT analysis shows that THD of the line current is 1.16% which is re-
spect the standards IEEE Std 519™-2014 [4].

7. Case II: study of the LVRT

In this case, we studied the inversion mode during the presence of
the LVRT test. The objective of the present scenario is to demonstrate
the capability of the improved DPC against a LVRT test. The proposed
control strategy is simulated in MATLAB/SIMULINK. An experimental
validation by Dspace 1104 board proves simulation results. From vol-
tage profile of fault ride-through capability present in Fig. 18(a), the
voltage drop amplitude reduced to 60% of the rated voltage for a few
seconds and it increased from 0.4 pu to 0.89 pu. It should be noted that
the magnitude of the line current injected into the grid remains fixed
during the fault, so as to eliminate as much as possible the influence of
the introduced voltage drop.

Fig. 18(b) shows the instantaneous active power and its reference.
We note that the latter tend to zero when the network voltage decreases
to 40% of its nominal value. Likewise, the instantaneous active power
follows its reference, which proves the robustness of the improved DPC
control strategy. For safety reasons, the reference active power is cal-
culated in such a way that it does not exceed a desired nominal current
such as indicated in Eq. (17) and Fig. 12. We mention that the active
power is negative (−800 W) before the fault caused by the LVRT. This
negative sign of active power asserts the inversion operating mode. The
reactive power shown in Fig. 18(c) goes from 0 VAR to -320 VAR.F-
inally, Fig. 18(d) presents the waveform of DC-link voltage.

When the voltage drop occurred at the grid connection point, the
system remains in normal operation. The active power has been re-
stored within a few seconds after the return of the voltage to its normal
operating range. During the restoration of the voltage, the reactive
power returns to its value before the moment of defect. To maintain the
voltage during voltage dips, the generator injects additional reactive
current into the grid.

It should be noted that our analytical LVRT is simple to implement
in real time. It has a simple compensation device, which is not ex-
pensive to apply in a test bench.

8. Conclusion

This paper presents the real time operation of high performance of
improved direct power control for a bidirectional three phase PWM AC/
DC Converter. An optimal new switching lookup table can be derived,
so, and for the power errors, they are obtained using two-level hys-
teresis comparators. Three operating modes are established due to
verify the capability of bidirectional power flow of converter such as
inversion, rectification and Shut-Down Modes. Simulation shows the
performances of the adopted new DPC control strategy for various op-
erating conditions. By exploiting the results obtained by simulation, it is
noticeable that then dynamic performances of the DPC method is
characterised by its high fastness. The proposed approach is tested
using an experimental test bench.

During grid faults, a LVRT strategy, provides reactive support to the
power grid and maintains the energy balance of the system to achieve
an LVRT exigence that complies with Tunisian grid codes. Simulation
and implementation results confirm the fulfilment of LVRT require-
ment. A real time implementation of high performance, Direct Power
Control during LVRT exigence has been validated experimentally. The
obtained results show a good tracking of the predefined references in
spite of the fault, suitable dynamic response and faster response of the
system.
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