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Abstract

The aim of this paper is to propose an over current limitation and voltage control strategy for a grid
connected inverter with a LC output filter used in distributed generation and in case of voltage sag. This
strategy relies on the control of LC output filter voltage with a resonant controller. This controller has to
control current and load voltage throughout voltage sag. Generally, resonant controller is made up of a
proportional and resonance term, which contains two imaginary poles that aimed to obtain an infinite gain at
the resonance frequency. State feedback structure and pole assignment approach are used to tune the
proposed control strategy. Comparative results for the application of both resonant and classical Pl controller
in d-g frame are showed in this paper. The last part deals with the implementation of control strategies on a
real time simulation environment. The effectiveness of the proposed controller under a voltage sag operation
is shown by experimental results.

Introduction

The electricity market’s liberalization and the significant and rapid growing of distributed generation sector
due to the trend for a large integration of renewable energy in electrical power systems provide impetus to
highly reliable good-quality electrical power generation. Generally, three-phase voltage inverters have been
widely used in this new sector of power system. Therefore, the need of these inverters has introduced the
necessity of achieving a high power quality with low output distortion [1]. Filters are, thus, used for grid
interfacing of these inverters in order of decrease the harmonics injection into the grid. In power system with
distributed energy, the low voltage distributed energy sources such as, gas micro turbine, photovoltaic
system, wind turbines,etcstorage devices such as, flywheel, super capacitor, batteries and controllable load
form an energy system structure classically named microgrid [REF?]. Microgrid can operate either in parallel
with the utility grid or in stand-alone mode to form an islanding system. In the first case, in the grid-
connected mode, L and LCL filters are usually used to connect inverters and main grid [REF?]. According to
the previous operation mode, the generator work as a current injector to the main grid [2,3] while the main
grid fixes the voltage to generators of microgrid. On the other hand, in stand alone mode, the loads in a
microgrid can receive power from the local microsources, depending on the customer’s situation [4]. In
addition, a microgrid must have at least one voltage generator which control microgrid voltage in an
islanding operation mode. Thus, three-phase voltage inverters must be equipped by an output LC filters
which are usually used to fix output voltage and attenuate voltage harmonics.

One of the most important problems which happens continuously in transmission and distribution systems
and affects the power quality is voltage sags. Many reasons are the origin of this problem, such as short
circuit, transformer energizing, capacitor bank charging etc. During a voltage sag event, the amplitude of
effective load voltage can decrease from 100% to 10% of its nominal load voltage to 0.1 in a very short time
(less than one minute).


mailto:fouad.salha@ec-lille.fr
mailto:frederic.colas@lille.ensam.fr
mailto:xavier.guillaud@ec-lille.fr

This paper deals with this operation mode mentioned above, and suggests a robust LC filter control method.
Voltage sag problems will be treated in detail in the proposed control system using two different controllers;
resonant and PI controllers in d-q frame. Contrary to vector control with synchronous PI controllers, resonant
controller can be used to control non-linear disturbances. In addition, the synchronous d-q coordinate
transformation cannot work in single-phase systems [6]. So a stationary reference frame control method, that
introduces a cosine transfer function with a specified resonant frequency into the voltage compensator, is
proposed in this paper. This controller is generally made up of a proportional and a resonance term, which
contains two imaginary poles that aimed to obtain an infinite gain at the resonance frequency.

This paper is divided into three main sections. First, resonant controller with state feedback structure is
designed using poles assignment method. Then, analysis of system behavior in case of voltage sag caused by
a short circuit will be discussed; two different control strategies will be presented. One depending on the
common method realized in d-q frame, and the other, is the proposed method depending on resonant
controller. Finally, comparative results obtained and comparative study will be discussed.

Control of a three phase inverter with LC filter: resonant controller structure

The overall proposed control system of the inverter with an output LC filter is summarized in Fig. 1. This
control strategy aims to generate a voltage, at the output of LC filter, identical to the reference voltage signal.
In fact, voltage control is established by mean of a resonant algorithm in order to control the instantaneous
value of voltage. A Synchronization of the grid-side converter voltage with the grid voltage is established
and carried out by a phase lock loop (PLL).
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The control method is based on state feedback for state variables which are LC filter, current and output
voltage, and the two state variables of the controller itself. State models for both LC filter and resonant
controller must firstly be formulated.

LC Filter modeling

A state model of a single phase LC filter is carried out by using the voltage and current equations depending
on the state variables that are the inductance current is and capacitor voltage uc (see Fig. 2).
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Fig. 1: Scheme of LC filter voltage control

Fig. 2: Single-phase LC filter
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The control variable is the input filter voltage um as denoted by (3):

RN e RN AR @

5= L fum +| 1 fir
o lvc ‘Lé 0 JL%J LOJ LEJ

Where state and command matrix and the state variable vector are respectively:



(4)

A three phased model is derived from this single phased model using coupling and decoupling matrix as
explained in part C.

Resonant controller modeling

Many structures of resonant controller have been already used for current control as in [1, 3, 7, 10], this
controller has a proportional and cosine transformed resonant element. The transfer function is described by:
G =kt 5y ®)
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In order to use this control algorithm in a state feedback control, state representation of this controller is
proposed:
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Where state and command matrix and the state variable vector are respectively:
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Where y and u are the state variables, and e is the control variable.

State feedback control, poles placement approach

When the state variables of a system are known (either through measurement or estimation), it is possible to
feed their values back to the inputs with a controller in order to determine the system dynamic, this is the
principle of the state feedback structure [7]. State feedback voltage control is realized for single-phase
equivalent system as depicted in Fig. 3.
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Fig. 3: State feedback voltage control scheme

Firstly, we design the control for a single phase LC filter by calculating the matrix vector of gains (K) for
state variables of both controller and filter Xc and Xp respectively. Then the mathematical matrix which
describes the previous system denoted by state form is:

X A, ~B,K “BpKe | X 0 0 (8)
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Where p index refers to the process (LC filter) and c to the controller. As the transfer function of LC filter is
of second order, that means we have two poles, and resonant controller has the same number of poles. Then
state feedback gain matrix is determined in such a way that 4 conjugated closed-loop poles have the same
real part. This is realized via the pole assignment technique, as in [7], which aims at designing the feedback
controller by placing the poles of the closed-loop system at desired locations as shown in Fig. 4.
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Fig. 4: Pole assignment method



Then, the coefficients of controller can be identified from the characteristic polynomial of the closed-loop
transfer function of the system by a polynomial criterion as in this equation:
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Where a sets the dynamic response and the control system stability. Pole placements were chosen in such a
way that the closed dynamic has two double poles. For this purpose, the angle 6, mentioned in the above Fig.
4, corresponds to damping ratio of 0.7.

Application to a three phase system

The designed controller for the single phase system is also applied to the three phase system. This will be
achieved by modifying of the system representation using coupling and decoupling matrix shifting. Fig. 5
shows three-phase the LC filter used a delta configuration for capacitors connection, denoting to state
variables on it.

e _
M A
— !
L L2
LR c Gi==
u, ki AAAA B LY, 9 -

—s .
Uy } L2
€ u,
umZ 1) C2
i, L)

3%
-

Fig. 5: Three-phase LC filter

As indicated in single phase model the current and voltage equations are written by the two next equations:
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Depending on these above equations, we define:
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In a similar manner as in single phase LC filter modeling, state equations for the two new phases are

formulated in these two state equations:
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This Ieads to two decoupled set of equations for phasel and the same for the phase 2. Then it is possible to

apply the same feedback control on both decoupled systems.

Behavior in case of voltage sag

In a classical L or LCL grid connected converter, the control aimed at regulating the grid current. In case of
voltage sags, the current is naturally limited. In a LC grid converter, which is usually used in isolated mode
operation, the output voltage is controlled. In case of voltage sag, the converter current tends to increase to
support the output voltage level as in [8]. In this paper, a specific control strategy has been deduced to
maintain the current in an acceptable level. By means of this current limitation, the distributed generator with
used power electronic equipments will be protected automatically protected from the owvercurrents. For
achieving this purpose, two strategies were adapted. The two strategies depend on modifying the overall
control system, from a voltage control to current control during voltage sag occurrence (see. Fig. 6). But the



first one uses the classical PI controller for the two control stages. The second method which is the new
proposed method uses the resonant controller for the two control stages.

Overcurrents limitation using resonant controller
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Fig. 6: Block scheme for control strategy in case of voltage sag

The current limiter, which is also resonant controller, limits the inductor LC filter current during the voltage
sag to a reference imposed value. In order to design the current limiter, controller parameters have to be
calculated depending on poles placement method. For this objective, we have used the same state model for
the resonant controller as in (6), (7).

As we want to control the inductor current, so a state model has to be realized for L filter as explained in
(23):

S Bl
2] el ok

Where Ap, Bp, Xp are the state, command and state variables matrix respectively. The poles placement
regulation was set to the same regulation as in the voltage controller.

Switching operation takes into account that at start-up operation and without the existing of voltage sag, the
inverter works as a voltage generator (val;imiey=0 and switch on position 1 “see Fig. 6”). The next stage is
during the voltage sag, where the switch disconnects the above controller and then connects the current
limiter (valimier=1 and switch on position 2 “see Fig. 6””) when the current exceeds a maximum current value.
After the voltage sag clearing, switching operation will return to voltage and current control mode. Voltage
sag detection and switching between the two controls strategies was realized by state flow and illustrated in
Fig 7.

Fig. 7: Voltage sag detection algorithm (Current limiter validation flowchart)



Overcurrents limitation in dq coordinates

The control system consists of two multi-loops, the outer is the voltage control loop which regulates the
output capacitor voltage and sets the reference for the inner current control loop (see Fig. 8). Considering
that the inverter works in a grid-connected mode, so a phase lock loop (PLL) is used to synchronize this
inverter with the grid.
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Fig. 8: Multiple-loop control of an inverter

The current loop was designed to have a high bandwidth 4.4 kHz while the voltage loop is much slower with
a smaller bandwidth of 600 Hz. We use Pl controller for dq coordinates which are of a dc terms under a
balanced operation. As we don’t have a ground connection for the inverter (three wires), so the zero
sequence is not present when the fault appears. During the voltage sag, the inverter fault current is limited to
a desired constant value. This limitation was carried out in such manner that as soon as the current reaches its
limits, the control loop shown in Fig. 8 will be converted to a constant current source by means of a
flowchart stat depicted on Fig. 7.

Realization and Discussion

The two control strategies explained previously were constructed on Matlab SimulinkTM, then, it was
implemented on SPS environment with the parameters presented in TABLE 1. Two tests were realized for
each control strategy, the first is that during the voltage sag caused by three phase balanced fault, the other is
that caused by a three phase unbalanced voltage sag. For the two tests, the PLL loop was set to a dynamic
corresponds to 25 ms. The unbalancing on the network voltage is obtained by reducing the phase 1 voltage to
50% of the nominal value. The reference current desired obtained during the voltage sag was set to 30 A. this
value was easily imposed for the first method (resonant controller), for the method in dq coordinates, the
saturation limits was set in order to have 30 A as peak value.

Table 1: Simulation system parameters

Network inductance (Lgriq) 0.17 mH
Network resistance (Rgria) 0.70hm
LC filter resistance (Rs) 0.1 ohm
LC filter inductance (Ls) 1mH
LC filter capacity 20 pF
Operation voltage magnitude 240v
DC bus voltage 760 v
DC bus capacity 5 mF

a complex pole real part (for two | 2000
controllers)
b complex pole imaginary part (for two | 1400
controllers)

Current Limit value 30A

Load (P+jQ) 3000(w)+j100(var)
Response time for voltage controllers 10 ms

Response time for current controllers 1ms

According to the results (see Fig. 9-10), firstly, in case of balanced voltage sag, we can see a very small
difference between the two current limitation methods. Where, for balanced voltage sag on the network
voltage, as depicted in Fig. 9-10-a, the two methods give a similar output balanced voltage (see Fig. 9-10-b).



Nevertheless, the two methods introduce a transition stage on LC filter current at the moment of voltage sag
occurrence and its elimination (see Fig. 9-10-c).

On the other hand, in case of unbalanced voltage sag, the effects on the output voltage are the same as in
balanced voltage sag (Fig 9-10-e). Contrariwise, the proposed method presents a better comportment with
regard to current during the voltage sag. We can note, in regarding Fig. 9-10-f that the current limiter based
on resonant controller solves the problem of unbalancing in the current which comes from the unbalanced
output voltage. Fig. 11-12 depict the direct and quadratic components of the LC filter inductor current. The
ripple shown on the direct and quadratic components of LC inductor current come from the unbalancing
voltage. And in case of resonant controller, the ripple, which is of frequency of (2 ), is much smaller than
that resulting from PI controller.

Conclusion

In this paper, a method proposes a solution for the Balanced and unbalanced voltage sag problem. Resonant
controller for LC output voltage was introduced. Furthermore, control tuned by the pole assignment
technique was used for control design. Pl controller in d-q frame was applied on the same system.
Comeparison results were presented. Taking into account that on the grid side, the current and voltage are
controlled by action on the inverter, and in addition that primary generator control keeps the DC-bus voltage
constant, therefore the control strategy based on resonant controller, as the other strategy, can be easily
implemented on every voltage generator.
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Fig. 9: Simulation results for proposed method depending on resonant controller
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