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Abstract – This paper presents an improved controller 
for a single-phase inverter connected to the grid, which 
is based on frequency and voltage droops. A new 
feedback loop is introduced to increase the system 
damping. The small signal analysis and root locus plots 
are presented in order to show the connections between 
the feedback loop gains and the behavior of the system. 
Simulation results corresponding to the numerical 
solution of the nonlinear system equations are presented 
to validate the small signal analysis. A description of a 
laboratory prototype and the respective experimental 
results are also presented to confirm the theoretical 
analysis. 
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I. INTRODUCTION 

In the last years there has been an increasing interest in 
parallel connection of inverters for application in distributed 
uninterruptible power supply (UPS) systems or renewable 
energy grid integration. Several parallel control techniques 
have been proposed to connect inverters in an island grid or 
to connect an inverter to an infinite bus [1-9]. 

The frequency and voltage droop control method is the 
preferred technique because it is able to avoid control 
interconnections and has no master-slave relationship [3, 6, 
9]. This method is derived from electric power system 
control and its dynamic characteristics can be obtained by 
small signal analysis using linear techniques [5,6,10]. 

Stability study of single-phase inverter connected to stiff 
AC system is presented in [5]. It can be seen that to improve 
the dynamic response of the paralleled system it is necessary 
to increase the droop coefficients, but this reduces the system 
damping and can make system unstable.  

In order to improve the dynamic response of the system 
and maintain a suitable damping, an extra loop feedback is 
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proposed.  This loop feeds the active power variation back 
into the phase of the inverter output voltage. A new small 
signal model is presented including the proposed loop and 
experimental results showing the effect of this loop in the 
system behavior.  

II. CONTROL SCHEME 

The controller proposed to connect the single-phase 
inverter to stiff AC system is shown in Figure 1. The inverter 
is composed of the H-bridge (four IGBT and four free-
wheeling diodes) and a low-pass filter formed by Rf, Lf and 
Cf. The inverter is connected to the grid through a 
transmission line.  

 
Fig. 1. Single-phase inverter connected to stiff AC system with the 

improved controller 

 
The controller consists of an inner current loop, a voltage 

loop, both using PI compensators, and an outer power 
sharing loop, which has the power calculation block, the 
conventional frequency and voltage droops and the proposed 
loop. In order to increase the system damping a new 
feedback loop is introduced, that is, an active power 
deviation from the equilibrium point not only implies a 
frequency displacement, resulting in an integral action on the 
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phase, but also a direct displacement of the phase of the 
inverter.  

III. SMALL SIGNAL ANALYSIS 

Inverter output frequency ω and inverter output voltage E 
are controlled by the droop characteristics defined by  (1) and 
(2), respectively, which are represented in Figure 2 [5-7]. 

 
     ω = ω0 - Kp .(P – Po)                                   (1) 

 
     E = E0 - Kv .(Q – Qo)                                  (2) 

 

 
Fig. 2 .  Frequency and voltage droops 

 
The active power and the reactive power transferred from 

the inverter to the stiff AC system are given by (3) and (4), 
respectively [5,10]. In this case, these expressions include the 
power losses and the reactive power through the inductive 
reactance associated with the transmission line. 
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Considering small disturbances around the stable 

equilibrium point defined by (δe, Ee, Ve), the above equations 
can be linearized, then we have: 
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Where Δ denotes the small deviation of the  variable from 

the equilibrium point. Substituting for P and Q given by (3) 
and (4) and calculating the  partial derivatives, we obtain: 
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The active and reactive output powers obtained by the 
measuring block can be given by (17) and (18), where ωf is 
the cut-off frequency of the measuring filter. 

It is important to take into account that the measuring filter 
presents a bandwidth much smaller than the inner controllers 
of the inverter and the system performance will have a hard 
influence of this fact. In addition, the bandwidth of the inner 
controllers can be increased using several techniques [11]. 
Then, we consider the inverter as an ideal voltage source 
with controllable amplitude and frequency. 
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Therefore, it follows from above equations: 
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Substituting  (9)  and  (21)  in (11) and expanding it,  
results: 
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Since phase δ is the frequency ω time integral, thus: 
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Substituting (23) in (22) and expanding it, results:  

3 2( ) ( ) ( ) ( ) 0s s as s bs s c sδ δ δ δΔ + Δ + Δ + Δ =              (24) 
 
where: 

a = (ωf.(2 + KV.Kqe) + KD.ωf.Kpd)                                 (25) 

b=  (ωf
2.(1 + KV.Kqe)  +  KP.ωf.Kpd  –  KD.KV.Kpe.Kqd.ωf

2  +  
+ KD.ωf

2.Kpd.(1 + KV.Kqe))                           (26) 
 
c = KP.ωf

2.(Kpd.(1 +KV.Kqe) – KV.Kpe.Kqd)                     (27)  

Then, the system response can be analyzed by    
characteristic equation  (28). 
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IV. SIMULATION RESULTS 

Some simulations were made in order to validate the small 
signal model. Two examples for different gain KD are 
presented, which emphasize the influence of the feedback 
from ΔP to Δδ.  
 
A.  Example I 

Taking the system showed in Figure 1 with the     
parameters presented in Table 1, tunning offset of frequency 
droop and tuning the offset of voltage droop in way that 
inverter provides the apparent power specified in Table 1, we 
can obtain the behavior of angle Δδ of the system. Using 
KD= 0, we have the conventional control showed in [5], that 
is, there is no additional damping.  
 

TABLE I. 

 System Parameters and Equilibrium Point 
Variable Value Unit 

Line impedance     0.5+j3.44   Ω 
Cut-off freq. of measuring filter (ωf)     7.54 rd/s 
Frequency droop coefficient ωxP (Kp)     0.01   rd/s/W 
Voltage droop coefficient ExQ (Kv)     0.01   V/VAR 
Feedback  loop  gain  of  Δδ/ΔP (KD)       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 frequency (ω)    377 rd/s 
Output filter Inductor Lf    796 μH 
Output filter Capacitor Cf     60 μF 
Inverter Switching Frequency fS    18    kHz 
DC link Capacitor   470 μF 
Inverter-stiff AC system lead angle 
(Δδ) 

0.1454  rd 

 
Solving the characteristic equation (28), we have the 

following eigenvalues: 
 

5986.157703.31 j+−=λ                              (29) 

5986.157703.32 j−−=λ                               (30) 

9677.93 −=λ                                                (31) 

Considering that initial active and reactive powers are 
zero, we can obtain the behavior of the system by (24). It is 
important to keep in mind that (24) provides the deviation 
from the equilibrium point, and that the behavior of  the 
angle δ is determined by the following equation:  

 
δ = δeq.point + Δδ                                        (32) 

The system presents two complex conjugated poles and 
one negative real pole, therefore it presents an oscillatory 
response. Figure 3 presents the phase response of single-
phase inverter connected to stiff AC system obtained from 
the model described by (24) and simulation in PSpice. The 
active power and reactive power are presented in Figure 4. It 
can be noticed that reactive power is faster than active 
power, which presents oscillatory response.  

 
Fig. 3. Phase response of the inverter 

 

 

Fig. 4. Active and reactive powers 
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Figure 5 presents the output voltage and current supplied 
by inverter. The current was multiplied by a factor of 10 to 
make it more visible.  

 

 
Fig. 5.  Output voltage and output current 

 
B.  Example II 

The same parameters from the Example I are used in 
Example II, except that now KD = 1e-3, which implies that 
the new feedback loop is working. 

In this case, solving (28), the following eigenvalues are 
obtained: 
 

0733.211 −=λ                                         (33) 
 

2200.122 −=λ                                         (34) 
 

9683.93 −=λ                                           (35) 
 

It can be noticed that poles have only negative real parts 
and no imaginary parts, so the system is overdamped. It can 
be inferred that the proposed loop can change the 
underdamped system (Example I) into a overdamped system 
(Example II). 

Figure 6 shows the behavior of the angle δ obtained by the 
small signal model and the simulation in PSpice. The results 
are very close and we can resume that the system is well    
represented by the small signal model. 

The active and reactive powers are shown in Figure 7, 
which characteristics can be classified as overdamped. 

 
Fig. 6.  Phase response of the inverter 

 

 
Fig. 7.  Active and reactive powers 

 
Figure 8 presents the output voltage and output current 

supplied by the inverter. 
 

 
Fig. 8.  Output voltage and output current 

V. DYNAMIC BEHAVIOR OF THE SYSTEM 

In order to understand the dynamic behavior of the system, 
a root locus plots is shown as a function of the parameter KD. 

Figure 9 shows the system root locus plots considering 
that the droop coefficients Kp and Kv are equal to 0.01 rd/s/W 
and 0.01 V/VAr, respectively and KD varies from 0 to 1e-3 
rd/W. When KD = 1e-3, it can be seen that the system 
presents a damping greater than to KD = 0, assuming that the 
proposed model is valid.  

 

 
Fig. 9.  Root locus plot for Kp = Kv = 0.01  and KD variation from 0 

to 0.001 
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VI. DYNAMIC BEHAVIOR OF THE SYSTEM WITH 
LINE IMPEDANCE VARIATION  

 
Figure 10 shows system root loci obtained by varying the 

line inductance (Lt) from 0.1 mH to 10 mH, with a step of 0.1 
mH. In both figures, Kp=Kv=0.02. In Figure 10(a) KD=0 and 
in Figure 10(b) KD=1e-3. It can be observed in the first root 
locus that the system becomes unstable for line inductances 
smaller than 1.6mH approximately. When the proposed loop 
is working, the system becomes stable over the given range 
of inductance, as can be seen in Figure 10(b). 
 

 
Fig. 10. Root locus plot for Lt variation from 0.1 mH to 10 mH 

Kp=Kv=0.02; (a) KD=0; (b) KD=1e-3. 

VII. EXPERIMENTAL RESULTS 

A laboratory prototype was assembled in order to validate 
the theoretical studies and its parameters are the same of the 
Table I. It consists of a single-phase PWM inverter 
connected to stiff AC system with an inner PI current control 
loop and an outer PI voltage control loop, as can be seen in 
Figure 11. First of all, the IGBT gate drivers of the inverter 
are disabled, and then the switch SW1 is closed. An AC 
voltage appears in the filter capacitor of the inverter due to 
the stiff AC system. The reference voltage of the inverter is 
synchronized with the capacitor voltage by a PLL (Phase 
Locked Loop) block, and then, at 0.1 s after the acquisition 
system starts saving data, the IGBT gate drivers are enabled 

and the switch SW2 is changed from state 1 to state 2. Thus, 
the power flux controller starts working. 

 

 
Fig. 11.  Laboratory Prototype Scheme 

A. Analysis for KD = 0 
The experimental results with KD = 0 are showed in the 

figures listed below. In Figure 12, it can be noted that before 
the inverter being connected with the stiff AC system, the 
output current and the output voltage have significant 
distortion because of the harmonic pollution present in the 
utility system at the point of connection. When the inverter is 
enabled to work in parallel with the grid at instant t = 0.1 s, 
the output voltage and the output current become 
significantly more sinusoidal. 
 

 
Fig. 12. Output voltage and output current. 

KD = 0 
Figure 13 shows active and reactive powers that the 

inverter provides to the stiff AC system with no feedback 
between ΔP and Δδ, i.e., without the new control loop (KD = 
0). In this case, it can be seen that the active power has a 
quite oscillatory response. The filter capacitor of the inverter 
provides a reactive power for the utility system before the 
power controller is enabled to work, then, the reactive power 
curve didn’t start from zero. 
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Fig. 13.  Active and reactive power (KD=0) 

 
Figure 14 represents the inverter frequency during the 

transient of the connection to the utility system. It can be 
observed that the frequency has an oscillatory response, as it 
was expected from the theoretical analysis, since the 
frequency ω   is the angle δ  derivative in time. 

 
Fig. 14. Inverter frequency  (KD=0) 

B. Analysis for KD = 0.001 
The results achieved using KD = 1e-3, i.e., with the 

feedback between ΔP and Δδ  are presented in the following 
figures.  

 
Fig. 15. Output voltage and output current (KD = 1e-3) 

Figure 15 shows the inverter output voltage and current 
and figure 16 shows active and reactive powers. 

 
Fig. 16.  Active and reactive powers  (KD=1e-3) 

 

 
Fig. 17.  Inverter frequency (KD=1e-3) 

 
Figure 17 shows the inverter frequency during the test. 

Observing figures 15, 16 and 17, we can see that the system 
is overdamped  

It is important to keep in mind that active power deviation 
implies a jump in inverter phase. The more power deviation 
the more jump. This implies in voltage waveform distortion, 
and KD must be limited. That is, there is a compromise 
between the performance and acceptable distortion level. 

 

VIII. CONCLUSIONS 

This paper has presented a small signal analysis for a 
single-phase inverter connected to the stiff AC system, which 
uses an improved power controller. A new feedback loop is 
proposed to increase the system damping. Simulation results 
show that the system is well represented by the small signal 
model. 

Several root locus plots as a function of the system 
parameters can be obtained using the proposed   model in 
order to help designers to define the loop gains for an 
improved performance of the system. 

The controller proposed in this paper can be typically 
applied to cases where inverters are connected to the grid in 
order to convert the power provided by conventional energy 
sources or even alternative ones. 

A prototype of the proposed system was implemented and 
its experimental results agree with the preceding theoretical 
analysis. Two cases were analyzed, comparing the controller 
performance with and without the proposed feedback loop. It 
was evident the improving in the performance with the new 
feedback loop working. 
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