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[I. CONTROL SCHEME

Abstract —This paper presentsan improved controller
for a single-phase inverter connected to stiff AC system, _ ) ) L
which is based on frequency and voltage droops. A new mverter_to stiff AC system is shown in Flg_ure heTpower
feedback loop is introduced to increase the system calg:ulatlon block_ using a computer algo_rlthm obsaboth
damping. The small signal analysis and root locus plots active and reactive powers. In order to mcreasestyster_n
are presented in order to show the connections between ~ d@mping a new feedback loop was introduced, thagrns
the feedback loop gains and behavior of the system. _actl\(e power dewatlon_ from the equmbrlur_n po_lr_cutmnly
Simulation results corresponding to the numerical |mplles a frequency dlsplacement,_ result!ng nnirgegral
solution of the nonlinear system equations ar e presented action on the_ phase, but also a direct displacemkthe
to validate the small signal analysis. A description of a ~ Phase of the inverter.
laboratory prototype and the respective experimental

results are also presented to confirm the theoretical i T T AM%—IV
analysis. T g} T e e
kv

Keywords - small signal analyss, inverter paralleling,
reactive power control, power control, frequency
deviation.

[. INTRODUCTION

Power
Calculation

Vref= Vsen(e refl)

Dynamic characteristics of a power system can be
obtained by small signal analysis using linearechhiques,
Kundur, [6]. Stability study of single-phase inwart
connected to stiff AC system can be made usingstme
techniques, [1], [2].

The parallel connection control of inverters can be
achieved using frequency and voltage droops as bean
observed in parallel connection control of synclowm
machines, [4], [5].

Two or more synchronous machines connected inlphral
tend to remains in synchronism due to synchrogitanque
component. The system stability depends on theesde of
sufficient synchronizing and damping torque compmaise
Voltage stability depends on the equilibrium in themand ® = wp - K .(P - Po) 1)

for reactive power, [6]. E=E- K, .(Q- Qo) (2
=k-K,. - Q0

Figure 1. Single-phase inverter connected to Afiffsystem with
the improved controller.

[ll. SMALL SIGNAL ANALYSIS

Inverter output frequency and inverter output voltage E
will be controlled by the droop characteristicsided by (1)
e (2), [6], respectively, which are representeHigure 2.
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The control system used to connect the single-phase
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The active power and the reactive power transfémad
the inverter to the stiff AC system are given [8) &nd (4),
respectively. In this case, these expressions declthe
power losses and the reactive power through thecine
reactance associated with the transmission line.

The active and reactive output powers obtained gy t
measuring block can be given by (17) and (18),re/agis
the cut-off frequency of the measuring filter.

It is important to take into account that the nuezg
filter presents a bandwidth much smaller than theel

controllers of the inverter and the system perfarceawill
B — E, = have a hard influence of this fact. In additiore ttandwidth
& & of the inner controllers can be increased usingersév
K, k, techniques, [8]. Then, we consider the inverteamasdeal
AP AQ voltage source with controllable amplitude and dregy.
P < AP - AP
Figure 2 . Frequency and voltage droops ave (S) S+w, ( s) (7)
Considering small disturbances around the stable
equilibrium point defined byd, E., Ve), the above equations
can be linearized, then we have: AQ, (S) = st AP (9 (18)
ow
Aw=—AP 5
@ oP ®) Therefore, it follows from above equations:
E:_AQ ©) p5=—k, -2 ap-Ke. AP (19)
Q s+, s (s+o,
aP=LAE+ P A5 (7)
o' 0 AE = K, [K L AE + K g A5} — (20)
S+,
AQ= Q — AE+— aQ (8)
e Ta " Ky Koo AS
AE =— (21)

WhereA denotes the small deviation of the variable from

the equilibrium point. Substituting for P and Q agivby (3)
and (4) and calculating the partial derivatives,oftain:

s+, [1+ K, K,)

Substituting (9) and (21) in (11) and expandihg

A6 =-K,.AP - KpAP (9) results:
S
AE:_KVAQ (10) _ _KV'er'qu'wf +Kpd'(s+wf (1+ KV'qu)) AS
sto, [L+K, K,) '
AP =K AE+ Kk, AS (11) (22)
AQ = kAE+ kAS (12)  Since phasé is the frequencw time integral, thus:
here:
W Acs(s) = SAS(S) (23)
1
er_R2+x2 (RE - R cod+ XV, sef) (13) Substituting (23) in (22) and expanding it, results
1 SAS(9+ asAS( 3+ basS( )sr A5()s=0 (24)
Kpd— (REEV sed .+ XE \coss ) (14)
where:
qu:ﬁ (2XE, - XV, co® .~ R\, sefi | (15) a=(ar(2 + Kv.Kge) + Kp.ax.Kpg) (25)
b = (@1 + Kv.Kgo) + Kp.arKpg — Ko.Ky.Kpe Kgarx” +
qu— (XEEV sed .~ RE \cos5 ) (16) Koo’ Kpa (1 + Kv.Kqg) }26
¢ = Kp.or. (Kpa (1 +Ky.Kge) — Ky.Kpe Kga) (27)

13
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Then, the system
characteristic equation (28).

A +al?+bi+c=0 (28)

V. SIMULATION RESULTS

Some simulations were made in order to validatesthall
signal model. Two examples for different gain, kare
presented, which emphasize the influence of tledidack
from AP to 46.

A. Example |

Taking the system showed
parameters presented in Table 1, tunning offsétegiuency
droop and tuning the offset of voltage droop in whgt
inverter provides the apparent power specifiedabl& 1, we
can obtain the behavior of angl® of the system. Using
Kp = 0, we have the conventional control showed in it
is, there is no additional damping.

Tablel.
System Parametersand Equilibrium Point

Variable Value Unit
Line impedance 0.5+j3.44 Q
Cut-off freq. of measuring filterf) 7.54 rd/s
Frequency droop coefficientxP (Kp) 0.01 rd/s/W
Voltage droop coefficient ExQ (Kv) 0.01 V/IVAR
Feedback loop gain of A8/AP (Kp) 0 rd/W
Apparent power in stiff AC system 500 +j0 VA
Inverter output apparent power 510.8+j74.8 VA
Stiff AC system voltage (V) 107.2 V(rms)
Inverter output voltage (E) 110.7 V(rms)
Stiff AC system frequencyw) 377 rd/s
Output filter Inductor_¢ 796 uH
Output filter Capacito€; 60 uF
Inverter Switching Frequency f 18 kHz
DC link Capacitor 470 uF
Inverter-stiff AC system lead angle 0.1454 rd
(4%)

Solving the characteristic equation (28), we hake t
following eigenvalues:

A, =-3.7703+ j15.5986 (29)
1, =-3.7703- j155986 (30)
A, =—9.9677 (31)

Considering that initial active and reactive powers
zero, we can obtain the behavior of the system2@y. (It is
important to keep in mind that (24) provides thewidtion
from the equilibrium point, and that the behavidr the
anglesis determined by the following equation:

14

response can be analyzed by

in Figure 1 with the

0= Oeq.pointt 40 32)

The system presents two complex conjugated @oids
one negative real pole, therefore it presents anillatsry
response. Figure 3 presents the phase responseghé-s
phase inverter connected to stiff AC system obthiftrem
the model described by (24) and simulation in B&pihe
active power and reactive power are presentedgirdi 4. It
can be noticed that reactive power is faster titdiveapower
and presents oscillatory response. Figure 5 prestmd
output voltage and current supplied by inverter.
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Figure 3. Phase response of the inverte
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Figure 4. Active and reactive powers
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Figure 5. Output voltage and output current
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B. Example Il zom

The same parameters from the Example | are used i
Example I, except that now = le-3, which implies that

U

the new feedback loop is working. .
In this case, solving (28), the following eigenweduare
0 btal n ed - “t:iuﬂl]mﬁ 35 bmﬁ lmilms 45 hms 586ms
O U(In)*10 o U{L1:2) -
A, =-210733 (33) Figure 8. Output voltage and output current
A, =-12.2200 (34)

V. DYNAMIC BEHAVIOR OF THE SYSTEM
2, =-9.9683 (35)
In order to understand the dynamic behavior ofsystem,
It can be noticed that the complex eigenvalues ymipht  a root locus plots is shown as a function of theupeter k.
the system presents a damping which is higher thah Figure 9 shows the system root locus plots conisiger
presented in Example I, as can be observed in &igur that the droop coefficients,kand K, are equal to 0.01 rd/s/W
where the behavior of the angtobtained by the small and 0.01 V/VAr, respectively andpKvaries from 0 to le-3
signal model and the simulation in PSpice are shole rd/W. When K = 1e-3, it can be seen that the system
results are very close and we can notice that ystes is  presents a damping greater than $0=K0, assuming that the

well represented by the small signal model. proposed model is valid.
The active and reactive powers are shown in Figure
Both are oscillatory, but the response is more dairthan 2
. . M, Az, hs
that obtained in example I. 20b
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Figure 6. Phase response of the inverter Figure 9. Root locus plot for & K, = 0.01 and K variation from

0t0 0.001
Active Power
CTH | ' ' o VI. DYNAMIC BEHAVIOR OF THE SYSTEM WITH
Reactive Power _ LINE IMPEDANCE VARIATION

wosu - - " - " — Figure 10 shows the system root locus regardindlitfee
7 ULAPLACEISONT) o MCLAPLACEZOT) e impedace l(;) variation betweerD.1 mHto 10 mH, with a
step of0.1 mH. It is shown that even with a small quantity of
the line inductance, the stability is assureddibrthe range
of variation. The poles close to the imaginamis are for
Figure 8 presents the output voltage and outputentir | = 0.1 mH It is observed that during the increasing of the
supplied by the inverter. values of L, both conjugate poles migrate to a better
operational condition with smaller imaginary pagducing

the system oscillations as a consequence.

Figure 7. Active and reactive powers
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Figure 10. Root locus plot fbg variation from0.1mHto 10 mH.

VII. EXPERIMENTAL RESULTS

A laboratory prototype was assembled in order twlate
the theoretical studies and its parameters arsdhe of the

t = 0.1 s, the output voltage and the output curbecome
significantly more sinusoidal.
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Figure 12. Output voltage and output current.
KD: 0
Figure 13 shows active and reactive powers that t
inverter provides to the stiff AC system with feedback

Table 1. It consists of a single-phase PWM invertepetyweentP andAs, i.e., without the new control loop ke

connected to stiff AC system with an inner PI caotreontrol
loop and an outer PI voltage control loop, as carsden in
Figure 11. First of all, the IGBT gate drivers bktinverter
are disabled, and then the switch SW1 is closed.A@n
voltage appears in the filter capacitor of the meedue to
the stiff AC system. The reference voltage of theerter is
synchronized with the capacitor voltage by the KPhase

Locked Loop)plock, and then, at 0.1 s after the acquisition

system starts saving data, the IGBT gate drivezseanbled
and the switch SW2 is changed from state 1 to &atéus,
the power flux controller starts working.

7960 H 05434402

t 4 _‘ 3 sw1
OHOH— | ™
=L =L
60aF
2207 10342207 2207
A & - -
R
Vo Io
AD PPI
Converte: 8255

=
T peaops
-

-
x
deulati s
= | Co———
e =
! 1

Sampling rate SkHz

LPF

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 11. Laboratory Prototype Scheme

A. AnalysisforiK=0

The experimental results withpk= 0 are showed in the
figures listed below. In Figure 12, it can be notledt before
the inverter being connected with the stiff AC syst the
output current and the output voltage have sigmific
distortion because of the harmonic pollution présenthe
utility system at the point of connection. When iieerter is
enabled to work in parallel with the network at tamt

16

0). In this case, it can be seen that the actiweepdias a
quite oscillatory response. The filter capacitotta# inverter
provides reactive power for the utility system befdhe
instant that the system is connected to the netwbdn, the

reactive power curve does not start from zero.
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Figure 13. Active and reactive poweryd0)

The following curve represents the inverter eqfrency
during the transient of the connection to the tytdiystem. It
can be observed that the frequency has an oscillato
response, as it was expected from the theoretitalysis,
since the frequency is the angl& derivative in time.
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Figure 14. Inverter frequency §KO)
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B. Analysis for k = 0.001

The results achieved usingpK= 1e-3, i.e., with the

VIIl. CONCLUSIONS

This paper has presented a small signal analysisafo

feedback betweerdP andA¢s are presented in the following single-phase inverter connected to the stiff AGesys which

figures.
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Figure 15. Output voltage and output current
KD =1le-3
It can be seen that the output voltage suffersueostoot

during the transient response.
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Figure 16. Active and reactive powerspfde-3)
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Figure 17. Inverter frequency #Kle-3)

Figure 17 shows the inverter frequency during ths.t
The smoothly the frequency changes from its nommiakue,
the more damped is the oscillation of the activerigrothat is
provided to the network. It can also be seen thabath
cases, the inverter frequency has a small dewidtbm the
AC stiff system nominal valuey, = 377 rd/s. This is due to
the small deviation that occurs in the frequency tioé
network, since the frequency of the reference wgeltas
calculated on its basis.
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uses an improved power controller. A new feedbadp lis
proposed to increase the system damping. Simulatisults
show that the system is well represented by thdl sigmal
model.

Several root locus plots as a function of the syste
parameters can be obtained using the proposed elnod
order to help designers to define the loop gains dn
improved performance of the system.

The control proposed in this paper can be typicafiglied
to cases where inverters are connected to the rletino
order to convert the power provided by conventicerargy
sources or even alternative ones.

A prototype of the proposed system was
implemented and its experimental results agree witie
preceding theoretical analysis. Two cases wereyaed)
comparing the controller performance with and withthe
proposed feedback loop. It was evident the immpgwn the
performance with the new feedback loop working.
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