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Abstract  

 

A control scheme for stand-alone inverters that utilizes an inductor current observer (ICO) is proposed. The proposed method 
measures disturbance load currents using a current sensor and it estimates the inductor current using the ICO. The filter 
parameter mismatch effect is analyzed to confirm the ICO’s controllability. The ICO and controllers are designed in a 
continuous-time domain and transferred to a discrete-time domain with a digital delay. Experimental results demonstrate the 
effectiveness of the ICO using a 5-kVA single-phase stand-alone inverter prototype. The experimental results demonstrate that 
the observed current matches the actual current and that the proposed method can archive a less than 2.4% total harmonic 
distortion (THD) sinusoidal output waveform under nonlinear load conditions. 
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NOMENCLATURE 

Symbols 

G Transfer function 
^ Estimated variable. 
Subscripts (Used Singly or in Combination) 
L          Inductor 
C          Capacitor 
c  Controller. 
 

I. INTRODUCTION 

Stand-alone type inverters are widely used to supply 
electrical power to places with isolated grid connections 
[1]-[5]. The goal of a stand-alone inverter is to maintain a 
sinusoidal output voltage with a low total harmonic distortion 
(THD) and fast transient dynamics. Recently, nonlinear 
residential electrical loads have dramatically increased 

because of the introduction of electronic loads, leading to 
problems such as voltage variations and waveform distortion. 
These problems can result in steady-state errors and 
distortions in the supply voltage waveform in stand-alone 
type inverters.  

The structure of a typical inverter’s output voltage 
controller comprises multiple feedback loops rather than a 
single feedback loop [6], [7]. A multiple feedback loop 
controller is typically composed of an outer voltage control 
loop and an inner current control loop. Numerous control 
strategies such as predictive control [8], dead-beat control 
[9]-[11], and repetitive control [12] have been used for 
controlling the outer and inner loops to ensure a good output 
quality. The current controller attenuates the effects of 
disturbances in the load and contributes to the stability of the 
voltage control loop [13]-[19]. The current control loop can 
control either the inductor current or the capacitor current. 
Excellent results using a capacitor current control have been 
reported in several papers [19], [20]. One of the drawback to 
using capacitor current feedback is the tremendous amount of 
switching noise that can render the current feedback unusable 
[21]. In addition, overcurrent protection is not possible 
because there is no information on the inductor or load 
current, which results in system unreliability. To overcome 
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these disadvantages, an inductor current feedback scheme 
with load current feedforward has been implemented by 
inserting two current sensors in the inductor and load [7], 
[13]. This scheme is identical to a capacitor current feedback 
scheme from the perspective of voltage regulation, and it 
protects the stand-alone inverters from overcurrent problem 
because it provides information on the inductor and load 
current. However, the load current feedforward scheme 
requires an additional current sensor for measuring the load 
current. As a result, the overall price of the system is 
increased. To overcome this limitation, a combined sensing 
has been proposed [20]. However, the bandwidth of this 
controller is limited by a low-pass filter.  

In this study, to address the aforementioned disadvantages, 
an inductor current observer (ICO) feedback and a load 
current feedforward are proposed using a single current 
sensor. Compared to the existing method using two 
individual current sensors, the proposed method saves 
implementation costs and reduces the size of the system by 
reducing the number of required current sensors. Section II 
presents the system models of different current feedback 
schemes, and the ICO is proposed in Section III. Design 
guidelines are described in Section IV, and in Section V, 
experimental results demonstrate the favorable performance 
of the ICO. Finally, some concluding remarks are given in 
Section VI. 

 

II. DEVELOPMENT OF THE EQUIVALENT CIRCUIT 
MODEL 

A. System Model in the Continuous-Time Domain 

Single-phase full-bridge inverters are typified by the 
components shown in Fig. 1. The typical system is composed 
of four switches (S1~4) and an output filter. The capacitor 
voltage (vo) and the load current (io) are measured by sensors. 
The inductor current (iL) information is obtained with the 
proposed inductor current observer. From io and iL, the 
capacitor current (iC) is constructed. The inductance of the 
output filter and its equivalent series resistance (ESR) are L 
and RL, respectively, and the capacitor and an unknown load 
impedance are C and R, respectively. The capacitor ESR is 
ignored because the cutoff frequency appears far above the 
Nyquist frequency.  

A continuous-time state-space model of the above figure 
can be generally expressed as follows: 

              (1a) 

                  (1b) 

(1c) 
 

 

Fig. 1. Schematic of single-phase stand-alone inverter. 

 

             (1d) 

In (1a)–(1d), Vin is the averaged modulated voltage, which 
is a reference for the output voltage before the LC filter. The 
inductor current is the sum of the capacitor current and the 
load current as in (2): 
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Equation (2) can be plugged in the second equation in (1) 
to yield: 
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In (3), the differential load current can be alternately 

expressed in terms of the output voltage and the capacitor 
current as (4): 
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Using (3) and (4), the state equation of the capacitor 
current-controlled inverter in a continuous-time model can be 
expressed in the following matrix form: 
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B. Analysis of the Current Feedback Methods in a Digital 
Model 

To analyze the characteristics of the effect of the load 
current feedforward, a function is needed to describe the 
frequency response of the modulated voltage to the current 
transfer. Using (5), the capacitor current control transfer 

function )(sG viC can be obtained for the load current 

feedforward as in (6): 
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In (6), )(sG viC  is the modulated voltage to the capacitor 

current transfer function. This system model is constructed in  
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TABLE I 

PARAMETERS FOR THE INVERTER 

Symbol Value 

Inductor (L) 583 H 
Capacitor (C) 13.3 F 

Inductor resistance (RL) 0.3 Ω 
Output Voltage (Vo) 200 Vrms 

Frequency (fo) 60 Hz 
Input Voltage(Vdc) 380 V 
Sampling time (Ts) 25 s 

Sampling frequency (fs) 40 kHz 
Switching frequency (fsw) 40 kHz 

 

 

Fig. 2. Bode plot  of the inductor current control model 

(without io feedforward). 
 

the continuous-time domain. It can be converted to the 
discrete domain using a z-transformation, incurring an 
additional delay. The computational delay from the iteration 
of the software routine in a digital controller is modeled as z-1, 
as shown in Fig. 5. The inverter parameters shown in Table I 
are utilized for this numerical analysis. Fig. 2 shows a Bode 
plot of the modulated voltage to the inductor current transfer 
function, and Fig. 3 shows a Bode plot of the modulated 
voltage to the capacitor current transfer function, which uses 
the inductor current feedback and load current feedforward. 
Different output current io conditions were simulated by 
varying the load resistor R. These Bode plots illustrate the 
error difference that occurs under nonlinear load conditions. 
Nonlinear loads such as a rectifier load can be simply 
visualized as load steps between the no load and full load 
conditions as the rectifier diodes conducts. The target of the 
proposed current controller bandwidth is 3 kHz. The 
magnitude and phase vary between 10 Hz and 3 kHz in the  

 

Fig. 3. Bode plot  of the capacitor current control model 

(with io feedforward). 
 
inductor current control model, which excludes the load 
current feedforward. Meanwhile, they are nearly the same in 
the capacitor current control model, which contains the load 
current feedforward for varying the magnitude of the load 
current. Therefore, the load current feedforward can 
compensate the load disturbance. In other words, the 
capacitor current control model is more independent of load 
impedance than the inductor current control model. As a 
result, the former is more suitable for the proposed controller 
design. 

 

III. DEVELOPMENT OF THE ICO 

A. Observability 

Previous researchers used two current sensors for inductor 
feedback and load current feedforward [7]. Both currents 
must be known for advanced control performance, and 
monitoring one of them with an observer can reduce the 
number of required sensors. A system is said to be 
completely observable if knowledge of the control and output 
vector over a finite number of time samples completely 
determines the state vector [22]. Based on this theory, the 
proposed ICO is designed to obtain the current state vector. 

Fig. 4 shows a diagram of the ICO: the output vector is ov̂ , 

the input vectors are vo and iL, and the control vectors are io 
and vin. 

B. ICO Design 

After identifying the requisite vectors, a system matrix can 
be designed based on a second-order continuous-time model 
of the LC output filter as expressed in (1). From (1), the ICO 
model is manipulated by the following matrix form: 

)(sG viL

)(sG viC
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Fig. 4. Model of proposed ICO. 
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In (7), K is the matrix of the observer gain. The error 
dynamics are determined by subtracting the observer 
dynamics from the system dynamics, as in (8): 

    .)()(ˆ)()(ˆ)( txtxKCAtxtxte        (8) 

If the term (A – KC) is stable, as indicated by having all of 
its eigenvalues in the left-half plane, the observer gain can be 
selected using eigenvalue assignment, as follows: 
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In (9), I is the 2 × 2 identity matrix. The observer gain K is 
given by (10), with ω as the angular crossover frequency and 
ς as the damping ratio: 
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The continuous-time model of the ICO is to be regulated 
by a discrete-time controller with sampling and command 
updates at Ts. A zero-order hold (ZOH) at the controller 
output produces a piecewise constant command. The 
crossover frequency of the ICO is designed to be 3.5 kHz, 
and the damping ratio is 0.707. Using (10) and the parameters 
in Table I, the designed ICO’s discrete equivalent model is 
written as follows: 

)()()(ˆ)1(ˆ keKkukxkx T ,     (11) 
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C. Controller Design with the ICO 

Fig. 5 shows a control block diagram of an inverter, with a 
double loop control strategy. The inner loop is a current 
control loop that uses information on two currents with one 
sensor. The inductor current feedback is constructed by the 
ICO, and the load disturbance is compensated by the load 
current feedforward. The outer loop is a voltage control loop.  

In this study, the current controller is designed so that the 
targeted phase margin is 60º at the 3 kHz crossover frequency. 
D. Venable [23] introduced a K-factor design methodology 
that indicates the distance between the frequency position of 
the poles and zeros brought by a compensation network. 
Using the K-factor design, the current controller Gic(z) is 
given as follows: 

.
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The results obtained with this design are shown in Fig. 6, 
were the crossover frequency, indicating crossover frequency,  

 

 
Fig. 5. Control block diagram of inverter with the ICO. 
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Fig. 6. Bode plot of the current control loop, with Giv(z) in blue, 
controller Gic(z) in green, and compensated gain Gic(z).Giv(z) in 
red. 

 
and phase margin of the current control loop are shown in the 
design specifications. The magnitude is 4dB at 350Hz which 
is an aggressive design. Decreasing the resonant frequency of 
LC filter can make the current control loop more stable. 
 

IV. DESIGN GUIDELINES 

A. Filter Capacitor Size and Material 

The output filter plays an important role in rejecting 
switching noise. The cutoff frequency can be determined 
from the switching frequency. 20kHz is chosen for the design 
value. For a 40dB reduction 2nd order LC filter design, 2kHz 
is selected as the cutoff frequency, and LC can be calculated 
using characteristic impedance [24] as follows: 
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A large capacitor can handle the capacitor voltage control and 
stabilize the output voltage under transient current conditions. 
However, a large filter size unfavorably reduces the system’s 
power density. Furthermore, in practical applications, the 
dissipation factor (DF) at high frequencies should be 
considered. The DF is defined as the ratio of the ESR. Plastic 
film capacitors are much bigger than ceramic capacitors, but 
with a lower DF. Therefore, in this study, a polypropylene 
filter is selected as the best choice for high frequency 
applications among the plastic film capacitors. However, the 
small size of the filter can make it more challenging to 
implement the capacitor voltage control.  

 
Fig. 7. ICO poles with variation in actual output capacitance. 
 

B. Parameter Mismatch Effect of the ICO 

To confirm the sensitivity of the ICO to parameter 
mismatches, a controllability analysis is performed by 
mapping the eigenvalues of (9), in which the ICO poles are 
evaluated based on the nominal value. Fig. 7 illustrates the 
eigenvalue migration of the root locus, for a varied actual 
output capacitance C in the range of 0.1 times to 2 times the 
nominal capacitance. In Fig. 7, the closed-loop poles are 
located at 0.618 ± j0.261 with a 0.707 damping and a 3.5-kHz 
cross over frequency when C is the nominal value. However, 
the poles move in response to parameter variations. They are 
located at 0.67 ± j0.03 with 2 C, and at 0.106 ± j0.665 with 
0.1 C. These results show that the damping ratio and the cross 
over frequency vary. The damping ratio is 0.23 at 0.1 C and it 
is 0.99 at 2 C. However, the closed-loop poles are located in a 
unit circle region, even with a variation in the actual output 
capacitance C from 0.1 to 2 C. 
 

V. EXPERIMENTAL PROCEDURE AND RESULTS 

The proposed control scheme was tested in a 5-kVA 
single-phase inverter constructed for this purpose. Fig. 8 
shows a picture of the experimental apparatus. A 
IGW40N65H5 IGBT manufactured by Infineon was chosen 
as the switch, and a TMS320F28335 manufactured by TI was 
used as the digital controller. For current sensing, a LA50-P 
manufactured by LEM with a bandwidth of 150 kHz was 
employed. The internal variables of the digital signal 
processor were displayed on an oscilloscope through a 12-bit 
digital-to-analog converter (DAC). Fig. 9 shows two types of 
nonlinear loads: (a) consists of a thyristor rectifier and a 26-Ω 
resistor, and (b) consists of a diode rectifier, a 160-Ω resistor, 

and a 502-μF capacitor. 
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Fig. 8. Experimental apparatus. 

 

 
(a) (b)  

Fig. 9. Two types of nonlinear load. (a) with a thyristor rectifier 
and resistor (Rload = 26 Ω), (b) with a diode rectifier, resistor, and 
capacitor (Cload = 502 uF, Rload = 160 Ω). 

 

 
(a) Waveforms of output voltage and current. 

 
(b) Output voltage spectrum. 

Fig. 10. Output voltage and current using the conventional 
method with thyristor rectifier load. 
 

A. Thyristor Rectifier Load 

Figs. 10 and 11 show the transient responses to 
incremental load disturbances using the thyristor rectifier 
load illustrated in Fig. 9(a). Fig. 10 shows the output voltage 
and current results using the conventional method, using the 
inductor current feedback without load current feedforward. 
The bandwidth of the current loop was set to 3 kHz with a 60° 
phase margin, and the bandwidth of the voltage loop was 

 
(a) Waveforms of output voltage and current. 

 

 
(b) Output voltage spectrum. 

Fig. 11. Output voltage and current using the proposed method 
with thyristor rectifier load. 

 

 
Fig. 12. Actual and observed currents with thyristor rectifier 
load. 

 
set to 600 Hz with a 60° phase margin. As shown in Fig. 
10(a), the output voltage and current do not immediately 
follow incremental changes in the load disturbance. Fig. 10(b) 
shows the output voltage spectrum. The third harmonic was 
6.8 V, the fifth was 3.8 V, and the seventh was 5.1 V. The 
output voltage THD was 6.21 %. Fig. 11 shows the output 
voltage and current results using the proposed method, for 
which the voltage and current controller specifications were 
same as those for the conventional method. As shown in Fig. 
11(a), the output performance was very good, and the load 
transient was recovered in approximately 0.4 ms. The third 
harmonic was 0.4 V, the fifth was 2.9 V, and the seventh was 
2 V, as shown in Fig. 11(b). The output voltage THD was 
reduced to 2.35 %.  
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(a) Waveforms of output voltage and current. 

 
(b) Output voltage spectrum. 

Fig. 13. Output voltage and current using the conventional 
method with diode rectifier load. 
 

 
(a) Waveforms of output voltage and current. 

 
(b) Output voltage spectrum. 

Fig. 14. Output voltage and current using the proposed method 
with diode rectifier load. 

 
 

Fig. 15. Actual and observed currents with diode rectifier load. 

 
Fig. 12 shows the result for the proposed ICO method, 

where IL and IL_observer were monitored using the DAC. The 
result shows the similarity between the actual current and that 
of the ICO.  

B. Diode Rectifier Load 

The output voltage and current results for the diode 
rectifier load in Fig. 9(b) are shown in Figs. 13, 14, and 15. 
As shown in Fig. 13(a), which illustrates the results for the 
conventional method, the output voltage was distorted by the 
load disturbance. The output voltage spectrum in Fig. 13(b) 
shows that the third harmonic was 9.7 V, the fifth was 6.5 V, 
and the seventh was 2.0 V. The output voltage THD was 
6.14 %.  

Fig. 14 illustrates the output voltage and current results for 
the proposed method, where the output voltage waveform 
exhibits a small deviation from an ideal sinusoidal waveform. 
The output voltage spectrum in Fig. 14(b) shows that the 
third harmonic was 3.54 V, the fifth was 1.52 V, and the 
seventh was 1.06 V. The output voltage THD was reduced to 
2.2 %. Fig. 15 shows the results of the proposed method, 
where IL_observer almost matches the actual current. 

 

VI. CONCLUSION 

This paper proposes an ICO for current controller feedback. 
The main purpose of using the ICO is as follows. First, by 
reducing the number of sensors, the system cost is reduced. 
Second, using the observed and measured current information, 
the load current feedforward is constructed, and load 
disturbances are compensated. This load current feedforward 
effect is validated by comparing the system model and 
experimental results. The ICO model is dependent on the LC 
filter parameter. However, the ICO was found to be 
controllable and observable for reasonable variations in the 
actual output capacitance. The THD values of the sinusoidal 
output are reduced below 2.4% even under conditions such as 
nonlinear loads and very low parameters of the LC filter, 
which verified the experimental results through the 
application of the proposed controller. 
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TABLE II 
COMPARISON OF THE RESULTS 

 Conventional Method Proposed Method 

Sensor position Inductor Load 

Current 
feedback 

Sensor feedback 
Observer feedback, 
Sensor feedforward 

 
Thyristor 
rectifier  

Diode 
rectifier  

Thyristor 
rectifier  

Diode 
rectifier

Vo at 60Hz 192.7 V 194.8 V 192.9 V 192.9 V

Vo at 180Hz 6.8 V 9.72 V 0.45 V 3.54 V 

Vo at 300Hz 3.75 V 6.52 V 2.91 V 1.53 V 

Vo at 420Hz 5.1 V 1.99 V 1.97 V 1.06 V 

Vo at 540Hz 3.92 V 0.68 V 1.78 V 1.05 V 

Vo THD 6.2 % 6.14 % 2.35 % 2.2 % 
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