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Abstract

In this paper, a grid simulator based on a back-to-back fevdopology with resonant controllers is presented.
The simulator is able to generate three-phase voltages fange of amplitudes and frequencies with different types
of perturbations, such as voltage sags, steady state wmckdlavoltages, low order harmonics and flicker. The aim of
this equipment is to test the performance of a given systederugsuch distorted voltages. A prototype of the simulator,
consisting of two inverters connected back-to-back to a 88bree-phase grid and feeding a micro-grid composed of
two inverter interfaced distributed generators and acaiitioad was built and tested. A set of experimental resoits f
linear purely resistive loads, non-linear loads and curecentrolled inverters is presented to prove the capadslitf the

simulator. Finally, a case study is presented by testing @a¥grid.

Index Terms

Grid Simulator, Power Quality, harmonics, unbalance,aggt sag, micro-grid, self-healing.

|. INTRODUCTION

In recent years, micro-grids (MGs) have attracted a lot ¢érsion from researchers in multiple disciplines, as
they could be a starting point for future Smart Grids [1],. [2ppics like energy management [3], [4], policies and
regulations [5], economics [6], stability [7], protect®[8], communications [9] and so on, are being investigdtéda
many other power electronics-based systems, MGs are ltkebe subjected to power quality (PQ) issues like Low
\Voltage Ride Through (LVRT), imbalances, harmonic comp¢ins and flicker among others [10], [11], [12]. The
origin for such voltage disturbances in real distributigstems is usually quite heterogeneous and hardly predéctab

In this scenario, a grid simulator capable of generatindhalistorted voltages in a fully controlled way becomes
an essential tool to test MG performance regarding powelitgya3], [14], [15], [16]. A voltage sag, swell and

flicker generator is presented in [13], based on an H-bridgerter and a series transformer for high voltage custom
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power devices, thus being a different topology and apptinathan the one presented here. In addition, unbalanced
and harmonic voltages are not generated. A similar topotogyie one presented here was proposed in [14]. In that
case, line side converter had a simple L filter and the DC liagacitor was bulky, which reduces DC link voltage
transients, and the state-space control with pole placemas used. The results were presented for a resistive load
only. In [15], a single-phase grid simulator based on an idg® was used with PI controllers in&a— ¢ reference
frame. Only voltage amplitude and frequency variationsentested. Two back-to-back connected inverters are used as
a micro-grid interface in [16], providing the frequency aoalwer quality isolation between the utility and the micro-
grid. In this case, the back-to-back inverters are useddititéde the control of the power flow between the utility and
the micro-grid and to protect the micro-grid in case of faulty disconnection from the utility and the consequent
transition to islanded mode of operation. For the micrakga topology with two distributed generators and a load
at the point of common coupling is used, like in the case stugented here. Load sharing and transition between
grid-connected and islanded modes are investigated thouighe paper, but no power quality tests were made. Only
simulation results are presented. The same authors prb@og®wer quality enhanced operation mode in [17], by
virtue of compensating the local load current, thus elirimtathe non-linearity and unbalance from the voltage at the
point of common coupling. Simulation results are presemteshow the performance. Similarly, reduction of voltage
harmonics is presented in [18], whereas negative sequestopensation for a stiff micro-grid is proposed in [19].
In [18], a selective harmonic elimination technique is gregd, but no information is provided about the source of the
voltage harmonics. In the case of [19], a slip ring inducti@merator is feeding a load through a transformer and the
unbalance is obtained with a phase-to-neutral connectian single-phase load at the secondary of the transformer.
In both cases, the focus is to propose a control algorithmrmizrave a certain power quality aspect of the micro-grid.

By using the proposed grid simulator, these kinds of PQ teastsbe performed in a fully controlled way at any
voltages and frequencies within the required range, thuse@sing the repeatability and effectiveness of the tests.
Moreover, the voltage disturbances can be set to meet @iffelequirements depending on the standards and grid
codes to be fulfilled. The previous experience in wind or plioltaic energy integration, with the adaptation of their
grid codes in many countries, like Spain [20], Germany [2Hly [22] and USA [23] and coming countries like the
United Kingdom [24], France [25] or China [26], makes it likéo occur in micro-grids as well, specially considering
the MG as a whole, which is composed by a number of inverterfiated generators and loads, such as wind farms,
PV plants, energy storage systems, back-up energy systamslectronic loads. There are some requirements in [27],
applicable to distributed resource island systems androaysome of the mentioned PQ aspects. So far, however,
there are no specific grid codes dealing with this matter fmrongrids.

In this paper, a whole set of tests with linear and non-lileads and inverters as distributed generators is shown
to validate the proposed resonant controller approachdditian to these general tests, a case study of unbalanced
voltage compensation in a micro-grid is also presented étise V.

The paper was divided into six parts. The first part is thigfantroduction to the problem. After that, in section II,

both grid side and MG side inverter controllers are brieflplained, with more emphasis on the micro-grid side



inverter control, which is the inverter generating distdrizoltages to the micro-grid. Section Il gives a desooiptf

the hardware used for the grid simulator prototype and itshroharacteristics. The results of the experimental tests
are shown in section IV, while section V includes the abovatineed case study for cooperative unbalanced voltage
compensation in a micro-grid. Finally, the main conclusi@ne presented in section VI.

Grid Simulator

Grid Side Inverter  Test Side Inverter

‘ >
I
—
[|
2

Fig. 1. One-line circuit of the grid simulator prototype kithe system under test.

II. GRID SIMULATOR CONTROL

The proposed grid simulator and the tested system are shoWwigi 1. It consists of a back-to-back connection of
two inverters with LCL and LC filters. The parameters of theeirters are presented in Table I. It was used to generate
distorted voltages to both passive loads and inverter |oaslsa way of testing the performance of grid-connected
systems and components during such perturbations. Theénteads represent different distributed generatorién t
tested system, such as a small PV plant and a wind farm in agitd. In addition, also linear and non-linear loads
were tested. In this section, a brief description of the walers of the inverters is presented.

Grid Side Inverter
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Fig. 2. Control diagram of the grid side inverter.

A. Grid side inverter control
The control diagram of the grid side inverter is shown in Elg.where, together with all physical components
(inverter, LCL filter, switch and grid transformer), all dool loops have been depicted: 1) current and AC voltage

inner control loops; 2) power control loops; 3) DC voltagenirol loop.



Description Symbol Value

Inverter inductor L; 1.8 mH

Output inductor L, 1.8 mH

Filter capacitor Cy 27 uF

DC link capacitor Cae 1100 uF

Switching frequency  fsy 10 kHz
TABLE |

PARAMETERS OF THE INVERTERS

1) Inner control loops:ldeal proportional-resonant (P-Res) controllers wereldse currents and AC voltages, as
the use of damping factors is not recommended, since thare kxenefit to be gained, as they reduce the gain of the
resonant term but do not reduce the sensitivity of the systewariations in the fundamental frequency [28], [29].

The equations of the resonant voltage and current contsclies

$2 + Ilgw S +w2
pv

GU(S) = KPU 82 + wg (1)
s?+ Ilgl s+ w?
Gi(s) = Kpisgj_—wg7 (2)

where Ky, K;,, Kp; and K;; are proportional and integral gains for voltage and curocemitrollers respectively, and
w is the resonant frequency. For harmonics, pure resonaftatiens were used and, similarly’;,, and K;;;, are the

gains for theh!" voltage and current harmonics

S

K2
th(s) ivh 52 T (hw)2

®3)

Gin(s) = Kuhm (4)

2) Power control loops:The controllers for active and reactive powers are basecherpower flow principle, by

regulatingw and £/

K; N
w=w*+wsync+(KpP+ SP)<P—P> (5)

Kiq
S

E—E 4+ (K,,Q+ )(Q—Q*), (6)

wherew* is the reference frequency, i.e. the fundamental frequendye grid,ws,.. is the synchronization frequency
from the PLL, E* is the amplitude of the voltage reference, i.e. the gridagst amplitude, and{,p, K;p, Kpq
and K, are proportional and integral gains for active and reaqtiower Pl controllers respectively. Their values are
shown in Table Il. The reference for active powet®/ is obtained from the DC link voltage controller, as is shown

in the next section.



Description Symbol Value

\oltage controller  proportional Kp, 2
fundamental K; 8.88
5" harmonic Kiuvs 50

7th harmonic Kiyr 100
11" harmonic  Kiy11 50

Current controller  proportional Ky 2.1
fundamental K 500
5" harmonic Kiis 500
7th harmonic Kiiv 1000

Power controllers P - proportional K,p 0.0005
P - integral K; 0.0015
Q - proportional K¢ 0.01
Q - integral K; 0.05
DC link controller proportional Kpae 10
integral Kige 40
TABLE 1|

PARAMETERS OF THE CONTROLLERS FO THE GRID SIDE INVERTER

3) DC link control loop: As well as for power controllers, the DC link voltage is catied by a Proportional-
Integral controller (PI). Its output, as a balance of thergpén the capacitor, is the reference for active powéf/,
as shown in Fig. 2. In this case, the dynamic response of thigraler must be slower than that of the active power
controller for stability reasons, but at the same time, &astugh to deal with the power coming from the test side

inverter. The values for the gains of this controller ar@alkown in Table II.

B. Test side inverter control

The control structure for the test side inverter is basjctiile same as the previous one, but without the power
control loop and the DC link voltage control. The controlgrameters are given in Table Ill. Thus, only the voltage
reference generation block, Fig. 3, is explained in thigisecThe voltage reference for the grid simulator is okedin
by the addition of three components:

1) Voltage sag generatorThis block is able to generate balanced and unbalancedgeotfags for a given set of
inputs, such as sag depth, sag duration and type. For urdgalasags, setting the sag duration to infinite causes a
permanent imbalance in voltage.

In the case of a three-phase sag, all voltages are simultalye@duced to a valug|V"¢f|, p times smaller, where
p is defined as the per unit remaining voltage during the sagetly related to the sag depth. In this case, the angles
between the three phases do not change. Nevertheless, whehalanced voltage sag takes place, not only the voltage
amplitude but also the phase angles are affected, as is seeofa phase-to-phase voltage sag between phases A and

B, shown in Fig. 4. This corresponds to a voltage sag t¥pi80]. In this case, phase-to-neutral voltageremains
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Fig. 3. Scheme of the voltage reference generator.

Description Symbol Value
Voltage controller proportional K, 0.5
resonant K; 200
5t harmonic K5 30
7t harmonic K7 8

11*" harmonic  K;u11 200

Current controller proportional K, 1
resonant K 50
5t harmonic K5 30
7th harmonic K7 30
TABLE Il

PARAMETERS OF THE CONTROLLERS OF THE MICRESRID SIDE INVERTER

unchanged in both amplitude and phaseJischanges tpV, V,. andV,, change tg;V' in order to keep neutral point
voltage, being’ = v/3|V"¢f| the phase-to-phase voltage reference. d.&ie phase-to-phase voltage supplementary
angle andy and x the angle and the magnitude of phase-to-neutral voltdgeand V;,, as depicted in Fig. 4. The

following equations can be deduced using their phasorioelships:

2qV cos@ = pV (7)
Vsinf = xcosvy + Y (8)
2xsiny = pV 9

Vv
2z cosy = —=. 10
moosy = == (10)

Solving for 6 andg as a function ofp yields
0= atan(ﬁ) (11)
p

P : (12)

" 205 (atan (2))

In Fig. 3, for a three-phase sag, the sighale is set tobalancedand all three phase voltage amplitudes are multiplied



Fig. 4. \oltage phasor representation of a phase-to-phaltage sag, type..

by p during the time set aduration The angles are not changed. For unbalanced $ags,is set tounbalancedand

0 and q are calculated following equations (11) and (12) respebtivGivenf and ¢, a three-phase voltage system
is created with the following equationis,,(t) = /2/3pVsin(2nft), Vo(t) = +/2/3qVsin(2nft — = + 6) and
Vea(t) = \/2/3qV sin(2m ft + 7 — 0).

2) Harmonic voltage generatorThe harmonic voltage components are obtained from

Vha = Ah sin (h (27Tft — Gh)) (13)

Ung = Ap sin (h (2rft — 0p) + g) : (14)

where 4;, is the amplitude of the harmonic componehtis the harmonic order ané,is the angle of the harmonic
component. Therefore, by adjusting A;, andd;, the desired harmonic components are obtained, which caualdbed

to the main voltage reference in order to obtain the distbxaltages. Equations (13) and (14) were implemented
independently fos?", 7t and11** harmonics so that they could be added simultaneously, asrshoFig. 3.

3) Flicker generator: The flicker generator is a simple voltage amplitude modaifatit can either be sinusoidal
or squared, with defined amplitudé; and frequencyf;. In the present case, amplitude variation is limited to 10%
and frequency to 20 Hz. These values were estimated fronPtheurves taken from [31], [32], which are used as
means for quantifying the borderline of irritation for flek The application of thé; value of flicker is known to be
complex, and these estimations were made to clarify thistfon of the grid simulator.

As shown in Fig. 3, it is implemented by multiplying the vaj@mamplitude referencd/™¢/| by the modulation

signal, a squared or sinusoidal wave with unity averageevalgcillating between 1.1 and 0.9 at the desired frequency.

IIl. HARDWARE DESCRIPTION

The topology of the test bench with the grid simulator wasashn Fig. 1. All inverters are Danfoss VLT FC302,
2.2 kW three-phase IGBT inverters. DC link has two series 885200 uF RIFA capacitors. Output filters for both
inverters are LC+L, with values; = L, = 1.8mH andCy = 27, F (delta connected x 9. F' Electronicon capacitors).
The control was programmed in MATLAB/Simulink and was cadriout in real-time by a ds1103 at 10 kHz. \oltage
probes are 1500 V LEM LV 25-P. For currents, 50 A LEM LA 55-P Ipes were used. The whole set-up is shown in

Fig. 5. On the left side is the grid simulator and on the rigtie ghe micro grid, with the inverter interfaced distribdite



generators and the critical load. Filters and measuremaxedare also indicated in the picture. In all experiments

presented in next sectioWp is always 650 V.

IV. EXPERIMENTAL TESTS

Fig. 5. The grid simulator.

The grid simulator was used to test the afore mentioned g®elt#isturbances on several loadsa linear purely
resistive load (R=23®); ii) a linear inductive-resistive load (R=2380 L=5 mH); iii) a non-linear load (diode rectifier
with LC filter + R=230(2) andiv) a grid-connected current-controlled inverter.

As the simulator can handle 100% bi-directional power flaw, it can work in four quadrants, inverters can be
operated as generator interfaces like PV or wind turbinertevs, making the grid simulator suitable for testing eyst
with loads and generators, such as a MG. The following resiibw the performance of the grid simulator under
different load conditions. Some examples in each case aenghs the objective is the performance of the grid
simulator, and not the behavior of the loads under such riégtosoltages. In sub-section V, a case study is presented

in which the behavior of a two-inverter based micro-grid malgzed.

A. Harmonic distortion

A 200 V 50 Hz three-phase system was set in the grid simulatdi0% of 5t*, 7t* and 11" harmonic voltages
were added simultaneously, as shown in Fig. 6.

Fig. 6(a) shows the currents in the resistive load R when 28y 7t" and 11" harmonics were added to the
three-phase system, shown in Fig. 6(b). The grid simulats &ble to handle such distorted currents without affecting
its voltages, that keep the level of harmonic distortionireels

The response of a current controlled PV inverter, shown @n Fj connected to the grid simulator with a 205%
harmonic is shown in Fig. 8. Figs. 8(a) and 8(b) show curradtaltage respectively. Inverter current is highly digtadr
due to the harmonic distortion in the voltages. Nevertigledien harmonic compensation is activated in the inverter,
currents are free of harmonics despite the voltages, pgowia good performance of the compensation algorithm of

the tested grid-connected current-controlled invertég.(B(c)). This test clearly shows one of the applicationshef
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Fig. 6. Current and voltage in a resistive load when 10%, F*» and 12" harmonic are included: (a) Current and (b) Voltage.

grid simulator, such as to test power quality issues in a-goidnected inverter. This application of the grid simulato
will be reinforced below in the case study of section V.

I’_ -7 Current controlled PV inverter

1 .
I Grig | e
ISimulatorl

1
1

R

Fig. 7. Current controlled PV inverter with harmonic cureompensation connected to the grid simulator.

B. Unbalanced voltages

The grid simulator is also able to generate unbalancedgestaaccording to the types described in [30]. Figs. 9(a)
and 9(b) show currents and voltages in the non-linear lda. & type C unbalance with a 20% remaining voltage
in phase-to-phase voltagé,,. As a consequence of the reduced voltagé/jp, only two braches of the rectifier are
working, while the current in phase A is always zero.

Similarly, results for an inverter under unbalanced vatagre shown in Figs. 9(c) and 9(d). Again, it is a type
C imbalance. The remaining voltage is now 70%. In this cdse,current controlled inverter does not have separate
positive and negative sequence current controllers, egusighly distorted currents. In all of the cases, the grid

simulator is able to cope with the distorted currents withaffecting its generated voltage waveforms.
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C. Voltage sags

Figs. 10(a) and 10(b) show the response of a current coatrafiverter under a three-phase voltage sag. The sag
depth is 20% and its duration 550 ms, as defined by the Germd\VBDQrid code [21]. This grid code was used
as an example, but the grid simulator is able to generaterdiit sag profiles from different grid codes, which, as
discussed in the introduction, makes the grid simulatorrg flexible and useful test bed. Although a voltage sag is

a very abrupt change, the grid simulator showed a very goddpeance.

D. Flicker

The grid simulator can also generate low frequency osidliatin voltage amplitude, causing flicker. The response
of an RL load,R = 23012, L = 5mH, to flicker is shown in Figs. 10(c) and 10(d). In this case sitai sinusoidal
flicker with an amplitude of 5% of the voltage amplitude andegtiency is 8 Hz. A slight imbalance can be noticed
in Fig. 10(c), which is caused by slight differences in theethphase RL load and not by the voltages generated by

the grid simulator, which do not show imbalance at all (Fig(d).

E. Multiple disturbances

Finally, in this section, results of combined disturbanaes shown. A combination of harmonics and unbalance is
shown in Fig. 11. In this case, 20 V of di1** harmonic component is added to an unbalanced voltage, Béitgthe
remaining voltage of phase-to-phase voltage. This voltage is applied to a non-linear load. Once more vibltage

reference was tracked despite the currents drawn by the load
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V. A CASE STUDY. COOPERATIVE UNBALANCED VOLTAGE COMPENSATION IN A MICRGGRID

The grid simulator was also used to test a micro-grid with tax@rters and a three-phase resistive load, as shown
in Fig. 12. The inverters can be taken as distributed geoesavhile the load is considered to be the critical load in
the micro-grid. All the components correspond to thosegresl in section Ill. In this case study, the grid simulator
is used to generate a permanent imbalance at the point of oancwupling of the micro-grid. The main idea is to
maintain the quality of the voltage in the critical load, shproviding the micro-grid with a self-healing capability,
being able to increase the quality of the voltage for theoafitoad and at the same time stay connected to the main
grid, maximizing energy production even under distortetiages.

In order to achieve this objective, the inverters of therihisted generators include unbalanced voltage compemsati
algorithms. Each of the distributed generators use parteif tavailable current to compensate for the imbalance.
Depending on the tuning of the imbalance compensation itihmorfor each distributed generator a steady state is
reached, where they share the total amount of compens&idordifferent generated powers, this can yield a situation
in which one of the DGs is overloaded and the others still heaeacity left to either generate or compensate. In
this case, it is useful to limit the amount of compensatiowlifferent DGs following a certain optimization criterion
mainly depending on the costs associated with the compensat

The unbalanced voltage compensation algorithm is showiginiB. It is based on an algorithm presented in [33] for
islanded micro-grids. The compensation takes into accthentneasured negative sequence voltage and negative
sequence reactive powé€J—. In that work, the compensation gafrt was fixed in order to share the amount@f
accordingly. Here, a modification for limiting its action svancluded. This limitation allows us to control the amount

of compensation provided by each distributed unit in theroagrid.
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Fig. 12. Topology of the micro-grid connected to the grid wiaor in the case study.

This way, different aspects in the micro-grid status can tesitlered for compensation purposes, such as costs
of production loss, start-up time and so on. For examplehéf wind is blowing, then MPPT for the wind energy
distributed generator seems the best solution, but if cowsga@on in the critical load is mandatory, then a decision
must be taken, like decreasing the generated wind energysing part of the current for compensation, or keeping

MPPT for wind energy and decreasing PV generation (if anyaror other options, as many as different resources in

the micro-grid.
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Fig. 13. Block diagram of the unbalance compensation dlyariwith current limitation.

In unbalanced voltage compensation, in grid-connected, the compensation gaiti is dynamically changed as a

function of the limitation of output current,g, to obtain

C'=Cxy, (15)
where

Cu for | > Luppe’l“
9=91 forl € [Liowers Lupper] (16)
Ol for | < Llowera

is the saturation function for the compensation gain, withandC; being the upper and lower limits of the saturation,

Lypper and Ligyer the limits of the integral and
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.
I= K/ ydt, 17)

is the integral of the error in the current limitation, whekeis the integral gain/. is the current limit and

1 fore> ¢
h=4q0 forec[—¢ ¢ (18)
-1 fore< —e¢,

is a hysteresis comparator which outputs the sign of the evith a small dead band to filter out the ripple. In (18),
e = L — |inp| ande is the dead band for the current limit error. The variatiortraf modified gainC’ is limited to
avoid excessive transient over- or under-compensatioa.dead band used in the limitation error acts as a filter for
the ripple in current modulus. The resulting compensatbigage@i%mp is then subtracted from the voltage reference
ﬁg%f coming from the droop controllers. This new reference isttmdled by inner voltage and current control loops.

In the present case, DG1 is generating 350 W and DG2 60 W. dnbadl three-phase voltages are set by the grid
simulator, with a 91% remainig voltage in the faulty lined. iAstant t=0 s, compensation is activated for DG2. The
imbalance is consequently reduced, as shown in Fig. 14¢sgradund t=2.1 s, compensation is also activated for DG1.
The imbalanced is further reduced until, at t=4.5 s, a ctrignitation of 3 A is set in DG1. The compensation effect
is now limited and the unbalance factor increases again totenmediate level.

Fig. 14(b) shows DGX and g current components for positive and negative sequencerustrApart from the
transients, positive sequence components do not changedhess. Negative sequence component appear uncouwtrolle
until the compensation is activated. When the current éitiah is activated, current modulus stays at 3 A, as required

The same analysis can be done by observing Fig. 14(c), whd&\Rlues ofo components of compensating voltage
vEo™P  positive sequence currefjt and negative sequence curréntare plotted together with phase R output current
ior for both distributed generators, DG1 and DG2. Positive sege currents are only transiently affected, when either
the compensation or the limitation are activated. When D@ftsscompensating, the amount of compensation in DG2
decreases, and when the limitation is activated for DGIndtgases again. A different dynamic response can also be
observed as a consequence of purposely setting differempeasating gain values.

Finally, the compensation effect can also be observed in Fsg where the voltage at the critical load is shown
before compensation (Fig. 15(a)) and after compensatian (B(b)).

This way, distributed generators in a micro-grid can actedfstealing agents, increasing voltage quality in the poin
of common connection and thus avoiding potential problemneritical loads. This self-healing action is done at the
expense of reducing the production and dedicating partefthilable current for compensation purposes, instead of

generation.
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Fig. 14. Results of the case study: (a) unbalance factorddtr distributed generators, (b) positive and negativeisece currents and current
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negative sequence current and phase R output current fordigitibuted generators.

VI. CONCLUSIONS

In this paper, a grid simulator was designed and built. Itsisdal on two inverters connected back-to-back, both with
resonant controllers for currents and voltages. The perdoce of the grid simulator was tested on different kinds of
loads, including linear and non-linear loads and invert€hre grid simulator had a very good performance, being able
to track its reference even in the presence of very distartecents. In addition, a case study was also presented, in
which cooperative unbalanced voltage compensation wassiigated in a micro-grid with two distributed generators
and a critical load. The grid simulator allowed to test thenpensation algorithm of the DG units in the micro-grid,
proving the self-healing capability of this micro-grid as example of possible compensation algorithm. Therefore,
the grid simulator was successfully used to test power tyuigkues of multi-component systems such as micro-grids,
where issues like Low Voltage Ride Through are likely to bendeory in the near future, as happened with wind or

PV energies, or unbalanced voltage compensation, reguainunbalance factor of less than 3%, according to [27].
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