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Keywords

This paper presents design and analysis of an LCL-based voltage source converter using
for delivering power of a distributed generation source to power utility and local load.
LCL filer in output of the converter analytically is designed and its different transfer
functions are obtained for assessment on elimination of any probable parallel resonant in
power system. The power converter uses a controller system to work on two modes of
operation, stand-alone and grid-connected modes, and also has a seamless transfer
between these two modes of operation. Furthermore, a fast semiconductor-based

Voltage source inverter (vsi),

protection system is designed for the power converter. Performance of the designed grid

Grid-interfaced converter,

interface converter is evaluated by using an 85-kVVA industrial setup.

Filters design,
Power electronics,
Digital controller.

Introduction

DISTRIBUTED Generation systems such as microturbines,
fuel cells, wind turbines and photovoltaic systems are expected
to represent a large portion of power generation capacity,
especially in future [1]. In particular, MTG is witnessed to be
capable of delivering clean energy from a wide variety of fuels
with superior safety and low emissions. The capacity of MTG
can be ranged from several kilowatts up to megawatts. As it is
often sited dispersedly near the industrial load, it is deemed as a
category of distributed generations nowadays [2-9]. A direct
merit exhibited by such electric power generation is to provide
the utility a way to defer power plant construction, while
offering customers a clean resource at reasonable cost.
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Figure 1. Block diagram of power electronic interface
configuration fora MT
There are essentially two types of micro turbine designs.
One is a split shaft design that uses a power turbine rotating at
3600 rpm and a conventional generator (usually induction
generator) connected via a gearbox. The power inverters are not
needed in this design. Another is a high-speed single-shaft
design with the compressor and turbine mounted on the same
shaft as the PM synchronous generator. The advantages of the
high-speed permanent-magnet generator are its compact size,
low-mass design and the elimination of the gearbox, resulting in
reduction and simplification of the generating package. The use
of power electronics enhances the system performance because
of the asynchronous operation of the gas turbine, with the gas
turbine speed independent of the grid frequency. It enables the
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gas turbine speed control to adjust for optimal gas turbine
efficiency [10-14].

Microturbine MT Converter DC-Link Fast Fuse Grid Converter LCL Filter Local Load Utility Breaker

Power Gen. S S S (Recloser)
D&k Dsf Dy : i
System A DR DR *#5 *Lﬂ‘ *@‘ v L Lg
— U Tadast AL
o ;
PM * v reen o
Gen. Cy~Vy v
A i
200V E I T
1600Hz DA DZ DA +SZ %&K fﬁ%
RDQQ
T N 15048 e— I
750VDC FTIT

TOKW & 45kVAr
Figure 2. General configuration of constructed grid-tied
inverter

A general view of microturbine system is shown in Fig. 1.
The configuration of an MTG system is composed of a gas
turbine, a compressor, and an AC generator. They are inertia
welded on a single shaft to simplify the mechanical structure.
When this shaft turns at the speed of the turbine, the generator
would provide high-frequency AC electricity that requires a
rectifier (Converter 1 in Fig. 1) and an inverter (Converter 2 in
Fig. 1) to interface with utility network. By employing different
control strategies, the MTG can operate as a power conditioner
for the grid-connected operation to improve the quality of
supplying power or sever from the grid as an emergency
generator [15], [16].

The grid-connected inverter in MT’s power electronic
interface should operate in grid-tied and off-grid modes in order
to provide power to the emergency load during system outages.
Moreover, the transition between the two modes should be
seamless to minimize any sudden voltage change across the
emergency load or any sudden current change to the grid. A
seamless transfer between both modes has been proposed in
[17]. However, the grid current controller and the output voltage
controller must be switched between the two modes, so the
outputs of both controllers may not be equal during the transfer
instant, which will cause the current or voltage spikes during the
switching process. On the other hand, as the grid-interactive
inverter should operate in off-grid mode, the filter capacitor is
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necessary. Nevertheless, the filter capacitor current affects the
waveform quality of the grid current in polluted grid, especially
at low output power [18].
This paper deals with design and construction of a three-phase
85-kVA grid-interactive inverter and its DSP-based digital
controller. Two different control modes are considered for the
inverter: stand-alone control mode, and grid-connected control
mode. Furthermore the inverter controller is expected to have a
soft and seamless transfer between these two control modes. In
the following sections, first the overall configuration of system
is discussed in section Il, and then in section Il, the controller
of inverter is described; a protection system proper for the
power inverter is presented in section 1V; section V shows the
experimental results of the implemented inverter; paper’s
conclusion is also presented in section VII.
THREE-PHASE GRID-INTERACTIVE
INVERTER

Power configuration of the developed system is depicted in
Fig. 2. It consists of a primary power source, a full bridge diode
rectifier, a DC-link, a full bridge grid converter with LC filter, a
power electromechanical relay K, and the three-phase 400-V/50-
Hz grid. The primary power source is, in fact, a microturbine
generator that in this study is replaced with a grid connected
power autotransformer. The parameters used in the constructed
system are shown in Table I.

TABLE I: System Parameters

Parameter Value
System voltage: V| (EVp) 400 Vs
Fundamental frequency: fi e 50 Hz
Load rated P, Q,, S,, (=Sp) 70 kW, 45 kVAr, 85 kVA
Dc link voltage: Vg, 760 Vdc (1.9 pu)
DC-link Capacitor, Cy. 4200 pF
Switching Frequency 2 kHz (40 pu)
Sampling Frequency 4 kHz (80 pu)
P1 controller K;p=0.5,K;=200
Load Power Factor 0.85
System impedance arameters: Ls, Rs | 55pH, 2.5 mQ

LCL filter parameters

Lu Ry 0.83 mH (13.85%), 52 mQ
Ly R, 0.75 mH (12.52%), 12 mQ
Ce 270 UF (15.97%)

Rq 0.6 Q (31.88%)

fres 488 Hz (9.76 fi,e=9.76 pu)

Di1GITAL CONTROLLER OF INVERTER

A control technique should be designed for inverter (750 V-
DC/ 400 V-AC (L-L), rated 70 kW) to satisfy following
performance characteristics:
1)Low load regulation (less than 5%): the AC output voltage of
the DG system should be maintained at 400 V (L-L)/230 V (L-
N) independent of load conditions,
2)Minimum THD: DG system when feeding to the nonlinear
loads, such as rectifiers, SMPS, must generate minimum
harmonics currents and voltages in compliant with IEEE 519
std,
3)Fast transient response: system must be able to produce output
AC voltage with minimum overshoot or undershoot,
4)Short circuit protection: system must be able to provide
protection from excessive overload conditions,
5)Different control modes: the microturbine grid converter
should operate in both grid-connected control mode and stand-
alone control mode,
6) A soft and seamless transfer between different control modes:
in transition from one control mode to the other, amplitude and
frequency of the voltage at the PCC must not exit its limitation
(Vrateat10% & f+2 Hz),
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7)Anti-islanding detection capability: based on IEEE 1547 std
[19], all DGs must be disconnected from an islanded grid in a
specified time,

8)Paralleling capability: in order to increase the reliability of
power source converter, it should operate in parallel with other
converters, especially in stand-alone operation mode,

9)Deals with distorted and/or unbalanced grid voltage: grid
voltage is commonly distorted and/or unbalanced. Therefore, it
causes grid-tied inverters to inject a distorted and/or unbalanced
current to the power system. So, inverter’s controller must be
able to suppress these harmonic effects.

10) Decupled P & Q control for grid-connected inverter: in
grid-connected control mode the control of the active and
reactive power must be decoupled from each other.

Island Mode Operation

One of the most uses of microturbine system is in places
that are far from electric utility power system [20]. In this case,
this device should produce a power appropriate for local load
which is supplied by microturbine system. Therefore, system
must be controlled in such a way that reference voltage appears
in output terminal and delivers power to the local loads [21].

In stand-alone control mode, no grid exists so the output
voltages need to be controlled in terms of amplitude and
frequency and thus the reactive and, respectively, active power
flow is controlled [22-24]. In the case of unbalance between the
microturbine generated and the load required power, adjustment
of the speed of the microturbine can regulate the produced
power in a limited range. The potential excess of power will be
quickly dissipated in a damp resistor by starting a chopper
control located in DC-link of inverter (it does not show in Fig.
2). One of the common control methods of inverter, in this case,
is control of output voltage in dq plan. The control structure for
stand-alone control mode is shown in Fig. 3 and it consists of
output voltage controller, and current limiter. The output voltage
controller is aiming to control the output voltage with a minimal
influence from the shape of the nonlinear load currents or load
transients. A standard Pl controller operating in the
synchronously rotating coordinate system where is kept to zero
is used. As it can be seen form Fig. 3, at first, the output
voltages are measured (by voltage sensors) and after converting
to Vg and V,, they are subtracted from their references, and the
resultant error signals send to two separate Pl controllers; Pl
controllers produce the pattern voltages for switching in dq plan.
Then, these voltages are converted to the pattern voltage in abc
plan and introduce to PWM generating block. Finally, the PWM
generating block generates 6 PWM pulses for IGBT switches in
inverter. When the load current exceeds the rated current, the
current limiter will decrease the output voltage reference in the
allowed range, and for fast response there is a direct forward
connection to the voltage controller output. This situation can
occur if at a certain load, the generated power decreases due to
lower microturbine input fuel or during overloading.

Vg Vy v
o

Current
Limiter

Figure 3. Block diagram of stand-alone control of inverter.
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Grid-Tied Mode Operation

In grid-connected control mode, principally all the available
power that can be obtained from the microturbine is delivered to
the grid. Moreover, compensation of reactive power is possible
if required. The block diagram of control arrangement for grid-
connected control mode is demonstrated in Fig. 4. Standard Pl-
controllers are used to adjust the grid currents in the dg-
synchronous frame. A decoupling of the cross-coupling is
implemented in order to compensate the couplings due to the
output filter [12]. In order to achieve a zero phase angle between
voltage and current, the reference current in the g-axis, Iq*, of the
current loop is in general set to zero and so unity power factor
can be achieved.

In grid connected control mode, the controller works as
current controller. It sets the voltage reference for a standard
sinusoidal modulation (SPWM) that generates pulses for the
switches of the grid converter via a shielded cable link. A PLL is
designed to make the inverter synchronism with grid. Also, the
reference currents in dg-axis, I4 and 1", can be drawn from the
following relations:

- )
_ . . Vq:0 R p
P=Vgig +Vgiq ———ig =——
Vg
. 2
0 = Vgiq —Vgig — iy =1 @
d'q q'd q Vg

where vy and v, are the grid voltage in dg-axis, and p~ and q" are
reference active and reactive power that inverter is expected to
deliver to the grid.

Furthermore, current feedback Proportional Integrate (PI)
control with grid voltage feed-forward is commonly used in
stationary reference frame for current-controlled inverters. But
these solutions have two main drawbacks: inability of the PI
controller to track a sinusoidal reference without steady-state
error and poor disturbance rejection capability. This is due to the
definite control loop gain required for system stability at the
LCL-filter resonance frequency.

iaxib
-

Q—» Eq.( > v

Figure 4. Block diagram of grid-connected inverter control
mode.

Grid voltage feed-forward is often used to get a good
dynamic response, but this leads in turn to the increase of the
grid-voltage background harmonics in the current waveform
because of the imperfect compensations [25], [26].

Seamless Transfer

In order to realize the seamless transfer between grid-tied
and off-grid modes, the load voltage must match the magnitude,
frequency, and phase of the grid voltage well before connecting
to the utility. The load voltage can match the grid voltage well
through sampling the grid voltage as the reference voltage
before connecting to the grid, especially in polluted grid voltage.
The detailed process of the seamless transfer between the two
modes is illustrated in the following.
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Off-grid mode to grid-tied mode:
I. Detect that the grid is normally operating.
Il. Adjust the inverter’s output voltage (or load voltage) to match
the magnitude and phase of the grid voltage.

I11.  Once the load voltage is equal to the grid voltage, turn on the

relay K and switch inverter from voltage-controlled mode to
current-controlled mode, with the reference current being equal
to the load current.

IV. Change the reference current slowly to the desired current

(both magnitude and phase).
Grid-tied mode to off-grid mode:

I. Detect a fault on the grid and give a turn off signal to the relay
K.Monitor the magnitude and phase of the load voltage.

Il.  When the relay current goes to zero, transit the inverter to a
voltage-controlled mode, with the voltage reference being
derived from the load voltage.

I1l. Ramp up the magnitude of the load voltage from its initial

value to the rated value.
POWER CONVERTER’S PROTECTION SYSTEM

Electrical faults, that can damage the power converter, are
categorized in two groups: overvoltage and over-current. Each
one of these faults has different severe effects on the system, so
an effective protection method should be used.

Over current

Many reasons may cause an over-current occurrence in a
power inverter. Overload and short-circuit are the main and
common reasons of over-current fault in a power inverter.
Overload fault lasts in a longer time (e.g. 1 min.) and current
value is a few times of nominal current (e.g. 1-2 p.u). The
delayed function fuses are used to protect system against this
fault, while short circuit lasts for a short time (e.g. 10-us to 1-
ms) and current increases several times beyond rating current
(e.g. 2-100 pu). As a result, the short-circuit fault is more severe
than over-current and therefore needs a faster protection system.

Over current is the most common fault; it is implemented in
both software and hardware. Semiconductor fuses and gate
driver protection are used as hardware methods.

Phase to phase short circuit on inverter AC side (i.e. Fig.
5(a)) makes the biggest current flowing in IGBT switches; due
to AC side filter inductors; current increasing rate is not too fast,
as a result, both common software and hardware methods can do
effective protection in this case.

Shout through at dc link (i.e. Fig. 5(b)) is another severe
fault; it should note that shout through is not expected to happen
after completing the control system and required protections;
however if this fault happens, effective protection is not possible
either by software or hardware. A brief analysis regarding shout
through and AC side short circuit is explained as follows.
Considering 2 pH leakage inductance in dc link at experimental
setup and 800 pH filter inductance at inverter AC side; current
rising rate due to short circuit at dc link and AC side are 375 and
0.47 A/uS, respectively.

D) (b)

Figure 5. Over current faults (a) shout through (b) AC side
short circuit
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Figure 6. Over current Protection criteria (a) inverter AC
side (b) dc link

It should note that dc link voltage at steady state is 750 V,
subsequently current rise rate is as:
@Yo A ©
dt L, (uH) S
Where L, is the leakage inductance and V is the dc link voltage.
Finally, protection areas in dc link and inverter AC side are
shown in Figs. 2(@) and (b), respectively. Shaded areas
demonstrate the protection system setting points.
In the constructed inverter, following protection systems are
considered to protect it against any probable over-current or
short-circuit faults:
1)A software-based protection system implemented by DSP
digital controller: it can clear the fault in less than 120-ps,
Fast semiconductor fuses: they are installed in DC-link and
AC terminals of power inverter,
2)A circuit breaker: installed in output terminal of inverter after
the LC filter and before connecting to the grid or local load,
3)Short-circuit protection system of IPM: IPMs are commonly
equipped by an inner protection system against short-circuit,
under-voltage of module’s power supply, and over-temperature
fault in module.
Up to now all the aforementioned above designed protection
systems have worked several times and prepared a safe
operation condition for the inverter against severe short-circuit
or over-current faults.
Overvoltage

Transient overvoltage due to switching and leakage
inductance is the common source of overvoltage in power
electronics converter. Snubber circuits and transient voltage
suppressors like BOD, MOV and TVS diodes are the
remarkable protection methods. In present studied application,
snubber circuits (C type) and MOV protection methods are used
to protect power inverter modules against any probable transient
over-voltages. Up to know this protection system has worked at
least two times, both when a short circuit fault has been
happened incidentally by the output local AC load and as a
result a transient overvoltage due to abrupt change in output
current and DC-link leakage inductance is occurred.

Steady-state overvoltage may occur at input DC-link or
output AC inverter’s terminals. In this case, it is recommended
to trip the power electronics converter and inform operator to
remove the fault. To do this a PLC or microcontroller such as
DSP can monitor the system and inform operator in the case of
overvoltage fault condition.

DC over/under voltage protection monitors dc link voltage
and turn off IGBT switches consequential a fault. Since
electronic systems, micro controller, IGBT drivers and so on are
often supplied through dc link; it is necessary to consider dc-link
under voltage protection.

A summary of protection system is shown in Fig. 7. Almost
all protections are done in DSP; backup hardware protection is
also included to ensure the highest protection level. As the most
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effective protection strategy, all switches are turned off after
fault detection by protection system.

Figure 7. protection system
LCL Filter Design

Fig. 2 shows the system topology of 85-kVA grid-tied
AC/DC/AC converter for the microturbine-based power
generation system. In this converter an LCL filter is used to
connect the inverter output with the grid.

The LCL filter generally is used to decrease the switching
ripple. In fact, compared with the L filter, an LCL filter with
only a small increase in filter hardware could decrease the
switching ripple adequately, and its components could be
characterized as the following:

Z, =R, +Ls 4
Zg =(Rg +Rg) +(Lg + Ls)s ®)
zozRDJrciFS (6)

Here, L, and R, are the inverter-side inductance and its
equivalent series resistor (ESR), respectively; Lg and Rg are the
grid-side inductance and its ESR; Ls and Rs are the equivalent
series inductance and resistor (impedance) of the source. Cg is
the capacitance of the LCL filter which is in series with Rp, the
damping resistor of the LCL filter.

Three transfer functions related to the LCL filter that are
useful to design filter’s different parameters and also adjust
inverter’s current controller, are given as

I(s) Z,+Z,

_ - 7
G, () Vi(S)  ZiZy+ZyZy+ 2,7, "
_1(s) _ Z, 8
G, (8) = Vi(S)  ZiZg +Z4Zy +Z,Z, ®)
PO GVi'z(S) _ 2 9
=10 o e Zor7, ©)

Here, 11(s) and I,(s) are the inverter output current and the grid-
side current, and V;(s) is the voltage generated by the inverter at
its terminals.

The following design considerations are taken into account to
determine the LCL filter parameters:

1)The selection of the ripple current is a trade-off among
inductor L, size, IGBT switching and conduction losses, and
inductor coil and core losses. The smaller the ripple current, the
lower the IGBT switching and conduction losses, but the larger
the inductor, resulting in larger coil and core losses. Typically,
the ripple current can be chosen as 15%-35% of rated current.
For this case, the ripple current is selected as 33.5% of the rated
current. The maximum current ripple can be derived as in (10)
[27]:

_L Ve 335, (10)
8 L. fow

2)The selection of the capacitor is a trade-off between reactive

power in Cg and L, inductance. The more capacitance, the more

Alpg max
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reactive power flowing into the capacitor, and the more current
demand from the L, and the switches. As a result, the efficiency
will be lower. The capacitance cannot be too small either.
Otherwise, the inductance will be large in order to meet the
attenuation requirements. The larger inductance L, resulted from
smaller capacitance leads to higher voltage drop across the
inductor L,. In this design, the reactive power is chosen as 15%
of the rated power [27].

Ce =15%.Pr#t9d2 (11)

ine V.

Line-YLL
3)The resonance frequency should be included in a range
between ten times the line frequency and one half of the
switching frequency in order not to create resonance problems in
the lower and higher parts of the harmonic spectrum. The
passive resistors should be chosen as a compromise between the
necessary damping and the losses in the system [28].

L 1Lt
7 27| LL,Cr

4) Passive damping must be sufficient to avoid oscillation, but
losses cannot be so high as to reduce efficiency [28].

Rp = 50%X; (13)
FES'CF
Table I shows the system parameters.

Fig. 8 shows the magnitude plot of the LCL filter transfer
functions. As it could be seen from this figure the filter in the
low-frequency range (below resonant frequency) can be
approximated as the sum of the overall inductance (L,+Lg+Ls);
and in the high frequency range, as the inverter side inductor
alone (L,). It is assumed that at high frequencies, the capacitor
acts as a short circuit.

Controller Design

Power electronic interface should be operated in stand alone
and grid connected mode. System model with designed
parameters are used to design the system controller. Here,
control approach at both operation modes is done.

(12)

Figure 8. LCL filter forward admittance transfer function
magnitude plots versus frequency; (a) forward self-
admittance transfer function G,(s); (b) forward trans-
admittance G,(s)
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Current controller design at grid connected mode

Fig. 5 shows the single phase equivalent circuit of the grid
connected inverter to design linear controller; switch S status
determines whether system is operated at off grid mode or grid
tied mode. Where LCL parameters are as: L,=0.9 mH, Lg=1
mH, C=84 uF, R=2.1 Q and Z, =8.

Controller circuit is designed to control inverter at grid
connected and stand alone modes. The standard Pl controller
with feedback control mode is used; as shown in Fig. 10, Ug
(grid voltage feed-forward) is an input disturbance. Control
method aims to produce the suitable inverter output voltage so
that inverter output current is regulated. As a result, required
active and reactive power is delivered to grid [11].

i
<= Vpce

Lg s
Ug Ccf
Rq
S

L <

Grid

B
Local Load

Figure 9. Single phase equivalent circuit of the grid
connected inverter
Ug

iahc—ref Kp U; l i
4’ 7 Kp T T =
s ® ©

P1 Controller

Figure 10. PI controller scheme at grid connected mode
P1 controller is designed as:
Gor(5) = Kp+-L (14)
The plant transfer function in terms of inverter output voltage
and current is defined as [11]:
H,(5)= i(S) _ : L|CFSZ+RDCFS+12 15)
Ui(S) L LgCrS® +(RoL,Cr + RplLgCr)S2 + (L, +Lg)S
Fig. 11 shows pole-zero plot of open loop system. There are two
complex and one real pole.
Steady state errors and dynamic criteria are used to design
integrator gain K. Proportional gain is chosen 4 to achieve
damping value {=0.7. The integrator time constant Ti was
chosen 9 millisecond as a compromise between noise
cancellation and system dynamic.

Bk Lapram Pt Lves

iy

Wt A%

gy Lo

b
-

as

(a) (b)
Figure 11. System plots of closed loop system in grid
connected mode (a) root-locus map (b) the bode plot

Voltage controller design in stand alone mode
The control scheme is shown in Fig. 12. Inverter output voltage
is used in closed loop system.
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Vaberef o) m Ui Ve
— ) o HE) [

PI Controller

Figure 12. Control scheme in stand-alone mode
Where plant transfer function H(S) is defined in terms of
load voltage Vpcc and inverter output voltage Ui; Z, is the load
equivalent impedance [11].

VpeelS
H(S) = pcc( ):
Ui(S)
RDZGCFS+ZG
LiLgCrS® +((Rp +Zg)LiCF +RpLgCE)S% +(L; +Lg +RpZgCg)S + Zg

(16)
Kp=0.08 and K;=0.0002 are determined as optimal parameters.
Fig. 13 (a) and (b) show the zero-pole placement at the open-
loop and closed loop system plot. Damping factor is 1 at
dominant pole and overshoot is negligible. Closed loop system
is stable as well.
EXPERIMENTAL RESULTS

The constructed inverter is tested under different load and
grid scenarios. A photograph of constructed setup is shown in
Fig. 14. First, islanding operation of inverter is evaluated. Fig.
15 shows the experimental results of this test. In Figs. 15(a) and
(d) the reference voltage in d-axis, Ve iS changed from a
positive value to a negative value with a similar amplitude but
different sign. It means that the voltage amplitude always
remain constant but the voltage phase suddenly changed by a
180° step. Figs. 15 (b—c) and 6 (e-f) are demonstrated the
experimental results of islanding operation when the reference
voltage is changed between two different constant values.
Experimental results shows the inverter have a good
performance in the stand-alone mode of operation.

Second test scenario is the seamless transfer process
between two control modes. Figs 16(a) and (d) shows first step
of seamless transfer process described in section I11-C-1. In
these Figs. the bottom waveform is the phase difference between
voltages at the PCC and the grid, named A46ps. Fig. 16(b)
demonstrates one step of seamless transfer process. The fourth
waveform, Csg, shows a criterion variable that DSP evaluates
the seamless transfer before sending a closing command to the

relay K. Also, the third waveform shows the feedback signals

that relay K send back to the DSP and shows the present statues
of relay. Fig. 16(e) shows the output signal of PLL that is the
voltage phase in grid side. Figs. 16(c) and (f) show waveforms
of the voltage and the current of inverter and grid when
transferring between different modes are under processing.
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Figure 13. Plots of closed-loop system in stand-alone mode
(a) root-locus map (b) the bode plot Open-lop
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Figure 15. Experimental results when the inverter works in
stand-alone mode: waveforms from top to bottom are (a,
and d) Vd-ref & Vab-pcc; (b) Vab-pcc & ia; (C: €, and f) Vd-pcc & Vq-pcc
& Vab-pcc:
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Figure 16. Experimental results when the inverter works in
seamless transfer process: waveforms from top to bottom
are (a, and d) Vap.pce, Vap-gria & 40pc; (D) Vap-gria & Vap-pcc &
Skr & Csg; (€, and f) Vap.grig % Vap-pcc & iz & Spg, () Vap-gria &
PLL-

Experimental results related to the grid-connected control
mode are depicted in Fig. 17. The grid voltage and inverter
current waveforms are shown in Figs. 17(a) and (b) when the
reference active and reactive power is changed from zero (in
Fig, 17(a)) to 5-kW & 2-kVAr (in Fig 17(b)). The output current
of inverter, as shown in Fig. 17(b), is highly distorted. The main
reason for this current distortion is the grid voltage that has 3%
of 5th harmonic and 1.5% of unbalanced voltage. Fig. 17(c)
shows the inverter related voltage and current waveforms under
an over-current fault condition. In this test two voltage phases in
grid side are replaced and then a command of connecting to the
grid has been sent to the DSP controller. As shown in the Fig.
17(c), the software protection system is acted immediately and
sent opening command to the relay K (fourth waveform, Spg)
but electromechanical relay K needs 45-ms time to be opened.
During this time, a set of current is flown from grid toward the
filter capacitance bank.

CONCLUSION

Inverter is an important part of a microturbine-based
distribution generation system. In this paper, a DSP-based
digital controller in order to control a three-phase inverter in
stand-alone and grid-connected modes is studied. The three-
phase inverter, in fact, is a three-leg power converter which is
switched in 2-kHz frequency by the controller with a sinusoidal
PWM pattern. An 85-kVA three-phase inverter setup is
developed and tested under different source and load scenarios.
Experimental results prove the effectiveness and appropriate
operation of designed controller. Based on experimental results
in stand-alone control mode, output voltages are sinusoidal and
balanced only with a low distortion level (voltage THD is less
than 3%). In grid-connected control mode, distortion on grid
voltage results a distorted inverter output current. To
compensate this distortion, a harmonics suppression control
block must be added to the inverter controller. The experimental
results show that seamless transfer between two modes has been
achieved well, but because of polluted grid voltage, waveform
quality of the grid current is not good
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