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Abstract: Inverter voltage control is an important task in the operation of a DC/AC 

microgrid system. To improve the inverter voltage control dynamics, traditional approaches 

attempt to measure and feedforward the load current, which, however, needs remote 

measurement with communications in a microgrid system with distributed loads. In this paper, 

a load current observer (LCO) based control strategy, which does not need remote 

measurement, is proposed for sinusoidal signals tracking control of a three-phase inverter of 

the microgrid. With LCO, the load current is estimated precisely, acting as the feedforward 

of the dual-loop control, which can effectively enlarge the stability margin of the control 

system and improve the dynamic response to load disturbance. Furthermore, multiple PR 

regulators are applied in this strategy conducted in a stationary αβ frame to suppress the 

transient fluctuations and the total harmonic distortion (THD) of the output voltage and 

achieve faster transient performance compared with traditional dual-loop control in a 

rotating dq0 frame under instantaneous change of various types of load (i.e., balanced load, 

unbalanced load, and nonlinear load). The parameters of multiple PR regulators are analyzed 

and selected through the root locus method and the stability of the whole control system is 
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evaluated and analyzed. Finally, the validity of the proposed approach is verified through 

simulations and a three-phase prototype test system with a TMS320F28335 DSP. 

Keywords: multiple PR regulators; load current observer (LCO); voltage control;  

three-phase inverter 

 

1. Introduction 

Microgrid is commonly defined as an integrated power system consisting of distributed generators 

(DGs), distributed energy storages (DSs), and interconnected load, which can operate in grid-connected 

mode or in intentional islanded mode [1]. To increase the stability of the system, making it more immune 

to perturbations, such as changes in the loading conditions or changes in the electrical energy production 

due to environmental variability, the employment of energy storage devices such as a battery have 

become a solution [2,3]. 

In the microgrid converter system, power converters operate in different modes, the control 

techniques of the inverter, which are described in references [4,5], are different from each other.  

In general, in the grid-connected mode, the control target of the inverter is current or direct power,  

while in the islanded mode, it is the voltage that the inverter controls, which is analogous to an 

uninterruptible power supply (UPS) for its local loads [3,6]. This paper will focus on the study of the voltage 

control of a three-phase inverter. 

Various voltage control strategies of a three-phase inverter in the microgrid have been researched.  

The open-loop control strategy is used in many occasions due to its easy control and good dynamic 

response [7]. However, the steady-state load voltage may not be compensated to the desired value owing 

to voltage drop across the filter and the line resistance. To avoid the drawbacks of the open-loop control 

strategy, a load voltage feedback strategy is adopted in [8]. However, such a single feedback scheme is 

still inadequate for the bad load regulating characteristic and the poor dynamic response. In [9–11],  

a double feedback control scheme is employed with an inner current loop within an outer voltage loop. 

The inner current loop can be formed using either the filter inductor current or the filter capacitor current. 

However, the low frequency disturbance from the load will affect the load voltage performance 

significantly. In order to improve the performance of the dual-loop control strategy, load current is added 

into the internal current loop in this paper to enhance the dynamic response and enlarge the stability 

margin of the control system. Hence, precise information of the load current is required to implement the 

internal current loop. 

Since the load current is under low frequency, a current sensor can be used to measure load  

current [12,13]. However, these sensors suffer from several practical difficulties. Firstly, a correction 

algorithm has to be added to compensate for the time-varying bias caused by current sensors, which will 

increase the complexity of the control system in terms of implementation. Secondly, the use of current 

sensors requires a very precise and noise-free differential amplifier, which is difficult to realize in an actual 

experimental system. Furthermore, the use of current sensors is not flexible for the change of terminal 

load and these sensors are very costly, which contributes to the overall cost of the inverter. 
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Considering all the fundamental issues regarding the current sensors mentioned above, current 

senseless techniques are very advantageous in this particular application. In this paper, an observer is 

proposed to estimate the load current. This observer not only can provide a clean and noise-free 

estimation of the load current but can also provide a good cost-free solution for this situation. 

Furthermore, the control strategy of inverters in this paper is based on stationary frame (α-β coordinates). 

Compared with the control strategy under rotating frame (d-q coordinates) using PARK transformation, 

the input control signal under α-β coordinates does not need to be decoupled, which makes the control 

strategy easier to design [14–17]. However in reference [17], the sinusoidal values make it impossible 

for traditional PI regulators to track accurately without static error. Furthermore, a series of low 

frequency harmonics is introduced due to the dead-time of one bridge, a PI regulator cannot eliminate 

this kind of harmonics. To solve these problems, the proportional resonant (PR) is introduced in the 

control strategy [18,19]. The static error of signal control at specific frequency points can be totally 

eliminated because the ideal PR regulator can offer infinite gain at these points. Moreover, compared 

with a conventional tandem double loop PR control, the proposed control strategy has high precision 

and a physical property with an extensible and zero loosely coupled characteristic. 

As a result, the proposed control strategy chosen in this paper introduces a load current observer and 

adopts multiple R regulators under α-β coordinates to track the sinusoidal voltage values. It introduces 

the load current as the feedforward of the internal current loop, which accelerates the regulating rate of 

the internal current loop, improves the dynamic response of the system effectively, and restrains the 

influence on the system caused by the load fluctuation. Also, it has an outstanding performance in 

voltage control, such as fast transient response, few steady-state errors, and harmonic rejection for low 

THD under various types of loads (i.e., balanced load, unbalanced load and nonlinear load) for the use 

of multiple R regulators. To confirm the commonality and feasibility of the proposed control approach, 

simulations and experiments were performed through the Matlab/Simulink software and through an 

experimental platform with a TMS320F28335 DSP. 

The rest of this paper is arranged as follows. Section 2 presents the basic mathematical model of  

the three-phase inverter, PR regulator and load current observer. Section 3 details the structure of the 

proposed control strategy and the design parameters of multiple PR regulators. Section 4 shows the 

results of simulation and the laboratory test of the control strategy. Section 5 concludes the paper and 

remarks on possible future research. 

2. Mathematical Model 

2.1. Model of Three-Phase Inverter 

The model of a three-phase inverter can be divided into two categories: one category is based on a 

synchronous frame system (dq-frame) that usually adopts a PI regulator; another category is built upon 

a stationary frame system (αβ-frame) that employs the proportional-resonant (PR) regulator. 

Figure 1 shows a typical three-phase voltage-source inverter with a RLC filter. The behavior of the 

circuit can be modeled as follows by applying Kirchhoff’s law: 

d
L R

dt
  abc

abc abc abc

i
v u i  (1) 
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where 𝐢𝐚𝐛𝐜, 𝐮𝐚𝐛𝐜, and 𝐢𝐥𝐚𝐛𝐜 denote the vectors of the three-phase inductor current, capacitor voltage, and 

load current, respectively. 
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Figure 1. Diagram of a three-phase inverter with a RLC output filter. 

The aforementioned state Equations (1) and (2) in the stationary abc reference frame can be transformed 

to the equations in the stationary αβ frame by the Clark Transform: 

3 2
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The equation of voltage and current in the stationary αβ frame can be listed as follows: 

d
L R

dt
  

αβ

αβ αβ αβ

i
v u i  (4) 

d

d
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αβ

αβ lαβ

u
i i  (5) 

where, 𝐢𝛂𝛃  =  [𝑖α 𝑖β]T , 𝐮𝛂𝛃  =  [𝑢α 𝑢β]T, 𝐢𝐥𝛂𝛃  =  [𝑖𝑙α 𝑖𝑙β]T , 𝐯𝛂𝛃  =  [𝑣α 𝑣β]T . In consideration 

of the inexistence of zero sequence components, the expression for zero sequence is removed. 

On account of the full symmetry of the α axis and β axis, the analysis and control design can be 

handled on the α axis independently. Consequently, the model expressed by Equations (4) and (5) can 

be transformed to the format of the state space: 
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The control model of the proposed three-phase inverter with an LC output filter in the stationary  

αβ-frame is illustrated in Figure 2. 

 

Figure 2. Block diagram of control structure of the three-phase inverter. 

As can be seen in Equation (6) and Figure 2, the state variables in the α axis have no coupling relation 

with those in the β axis. Hence, the balanced three-phase PWM inverter can be equal to two independent 

single-phase PWM inverters after transformation from the abc reference frame to the stationary αβ 

frame, which indicates that the control strategy of single-phase inverter can also be implemented under 

the stationary αβ frame. In this way, the design of the controller can be simplified mathematically. 

2.2. Model of PR Regulator 

According to the internal model principle [20], the best solution for tracking the sinusoidal reference 

signal and harmonic rejection is the adoption of the PR regulator. An ideal PR regulator has the form  

as follows: 

2 2

2
(s) K i

PR p

h

K s
G

s w
 


 (7) 

where and 𝐾𝑝  and 𝐾𝑖  are the proportional and the resonant control gain respectively, 𝑤ℎ  is the 

fundamental angular frequency of the source. Figure 3 shows the Bode plot of GPR(s), when 𝐾𝑝  = 1,  

 𝐾𝑖 = 1 and 𝑤ℎ = 314 rad/s. It can be seen from Figure 3 that the infinite gain of the ideal transfer function 

is at the frequency of 𝑤ℎ,is infinite, and there is no phase shift or gain at other frequencies. 

 

Figure 3. Bode diagram of ideal proportional-resonant (PR) regulator. 
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2.3. Model of Load Current Observer (LCO) 

Feedforward control of the load current can provide excellent dynamics in three-phase PWM inverter 

control. However, the situation becomes more complicated and difficult in a common AC bus, feeding 

multiple inverter devices, in which multiple current sensors and communication channels are required. 

To obtain the required AC link load current for feedforward signal without adding additional current 

sensors or communication channels, a feedforward load current is obtained from a second-order  

current observer. 

In the AC link: 

0 ld

dUc
C I I

dt
   (8) 

where Uc is the voltage of the parallel capacitor, I0 and Ild are the currents of inductor and load respectively. 

The discretization of Equation (8) can be expressed as: 

X AX Bu

y CX

  




 
(9) 

where: 
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, y Uc , 0u I . 

The dynamic equation of state observer based on the Luenberger method can be expressed as: 

( )X A X Bu H y y

y C X


  


 


    





 
(10) 

where X


 and y


 are the observer state vector and output respectively.  1 2
T

H h h  is the observer 

gain vector. 

The block diagram of the state observer derived from Equation (10) is shown in Figure 4. 

 

Figure 4. Block diagram of the state observer. 
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From Equations (9) and (10): 

( )( )X X A HC X X


  

     (11) 

The state vector depends only on the initial error and is independent of the input Uc for  

convergence to a zero state. In order that the vector difference Equation (11) is asymptotically stable, 

the characteristic equation: 

det( ( )) 0sI A HC    (12) 

must have all its roots within the unit circle, i.e., 1iz  , i = 1,2,…,m. It is known that if the matrix 

 A HC  yields a stable solution, the error vector will converge to zero from any initial error. Hence, 

stability is achieved by selecting the observer feedback gain matrix H, so that the roots of the 

characteristic equation have negative real parts. By expanding and discretizing Equation (10), the 

observation equation of the load current can be expressed as: 

0 1

2

1
ld

ld

Uc I I h Uc Uc
C

I h Uc Uc

  


 

    
          


  

     

 (13) 

From the above equation, an alternative expression of LCO in a continuous-time domain is illustrated 

in Figure 5. 
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Figure 5. Block diagram of load current observer (LCO). 

where, 1aK
C

 , 2bK h , 1cK Ch . 

Figure 5 clearly shows the physical dynamic process of LCO. The value of C used in the observer 

can be chosen the same as the physical capacitance of the AC link. 

The design of the observer needs to confirm the observer gain  1 2
T

H h h  so that the roots of the 

characteristic equation have negative real parts. For the observer being a second order system, the desired 

characteristic equation is assumed as 

 det ( ) 0I A HC     (14) 

1 2 2
1

2

1λ
λ λ 0

λ

h hC h
Ch


     (15) 
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It is assumed that both of the roots of the characteristic equation are λ1  =  λ2  =  𝑘, (𝑘 < 0), then 

2 2 22
1 2

h
h k k

C
          (16) 

By solving Equation (16), . 

To illustrate the effectiveness of the designed LCO, the response of the three-phase PWM inverters 

was simulated with the load in AC link changing. Using the parameters given above, with the capacitance 

set at 15 uF and a sampling frequency of 12,800 Hz, the simulated performance of the observer is 

illustrated in Figure 6. 

 

Figure 6. Typical performance of the designed observer. 

Since the simulation system is developed to match the actual system very closely, the control parameters 

can be applied in the experimental voltage control loop. As can be seen in Figure 5, the observer response 

is still fast enough to estimate the ac link load current with good accuracy and minimum delay. 

3. Control Structure and Parameters Design 

Based on the inverter diagram as shown in Figure 1, the system control strategy under the stationary 

frame is illustrated in Figure 7. 

As shown in Figure 7, the control strategy used in this paper is presented. The output capacitor voltage 

is regarded as the control target, which is controlled under the stationary frame. The voltage of capacitors 

is controlled by multiple PR regulators, the output of which is the reference value of the internal current 

loop. The internal current loop is control by P regulators, after which, the pulse-width-modulation 

(PWM) module is adopted to generate the drive of IGBT. These five PR regulators are used to mitigate 

the harmonics with different orders and all of these PR regulators show no effect on each other. Hence, 

the multiple PR regulators can be considered separately in the system control structure or parameters design, 

which can make it easier and more effective to analyze the control structure and design control parameters. 

The structure of traditional dual-loop control of the inverter, which is based on rotating frame  

(dq0 coordinates) is shown in Figure 8a. In this control strategy, PI regulators are adopted to track static 

signals and the input control signal under dq0 coordinates needs to be decoupled. Furthermore, a series 

of low frequency harmonics is introduced due to the dead-time of one bridge; the PI regulator cannot 

eliminate this kind of harmonics. 
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Figure 7. Inverter control system under stationary frame. 
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Figure 8. Structure of controllers. (a) Traditional inverter controller; (b) The proposed 

inverter controller with LCO. 

In this paper, the controller of inverter is designed as in Figure 8b. Compared with the traditional 

control strategy, the input control signal under α-β coordinates needs not to be decoupled, which makes 
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the control strategy easier to design. As for aspects of zero steady-state error and anti-interference ability, 

the PR regulator shows superior performance to the PI regulator. What is more, the PR regulator reduces 

the harmonic content of the output AC voltage and improves the system performance [21]. 

As shown in Figure 8b, the output of the LCO, of which the input is capacitor voltage and inductor 

current in the AC link, acts as the feedforward of the internal current loop of the proposed controller. 

Considering the independence of every PR regulator of the multiple PR regulators module in mitigating 

harmonics of output signals, the closed-loop and open-loop transfer functions of the control system, 

which includes only one PR regulator that regulates the fundamental harmonic, can be deduced as: 

𝐺𝑐𝑙(𝑆)  =  
𝑎0𝑠2 + 𝑎1𝑠 + 𝑎2

𝑏0𝑠4 + 𝑏1𝑠3+(𝑏2+𝑎0)𝑠2 + (𝑏3 + 𝑎1)𝑠 + (𝑏4 + 𝑎2)
  

𝐺𝑜𝑝(𝑆)  =  
𝑎0𝑠2 + 𝑎1𝑠 + 𝑎2

𝑏0𝑠4 + 𝑏1𝑠3+𝑏2𝑠2 + 𝑏3𝑠 + 𝑏4
  

where: 𝑎0  =  𝐾𝑝𝐾𝑝𝑤𝑚𝑃 , 𝑎1  =  2𝐾𝑖𝐾𝑝𝑤𝑚𝑃 , 𝑎2  =  𝐾𝑝𝐾𝑝𝑤𝑚𝑃𝑤2 , 𝑏0  =  𝐶𝐿 , 𝑏1  =  𝐶𝑅 + 𝐶𝐾𝑝𝑤𝑚𝑃 , 

𝑏2  =  𝐶𝐿𝑤2 + 1 − 𝐾𝑝𝑤𝑚, 𝑏3  =  𝑤2𝐶𝑅 + 𝑤2𝐶𝐾𝑝𝑤𝑚𝑃, 𝑏4  =  𝑤2(1 − 𝐾𝑝𝑤𝑚). 

The open loop transfer function indicates that it is a four-order system and it is complex to choose the 

proper controller parameters. In order to select the proper parameters, i.e., 𝐾𝑝 and 𝐾𝑖, parameter related 

root locus of the closed-loop transfer function is adopted in the analysis. By changing one of the 

parameters each time, the influence of every parameter on the system performance is analyzed [18].  

The closed-loop root locus diagrams are shown as follows. 

Examples of root locus where 𝐾𝑝  or 𝐾𝑖1  varies, are illustrated in Figures 9 and 10 respectively.  

As shown in Figure 9, the poles of the closed-loop transfer function vary with the value of 𝐾𝑝 while  

𝐾𝑖1  = 150 and p = 10 and the dynamic performance of the control strategy keeps stable when  

𝐾𝑝 > 0.0582. Similarly, Figure 10 shows the poles of the closed-loop transfer function varies with the 

value of 𝐾𝑖1 where 𝐾𝑝 = 0.3 and p = 10 and the dynamic performance of the control strategy stays stable 

when 𝐾𝑖1 < 785. It is worth mentioning that the designs of other parameters of 5-multiple PR regulators 

based on root locus are similar to the given examples. 

 

Figure 9. Diagram of root locus with varying parameter 𝐾𝑝  while other parameters are 

maintained constant. 
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Figure 10. Diagram of root locus with varying parameter 𝐾𝑖1 while other parameters are 

maintained constant. 

Based on the root locus method, the proper parameters of 5-multiple PR regulator are shown in Table 1 

and parameters of simulation are shown in Table 2. 

Table 1. Parameters of controller. 

Parameters Value 

𝐾𝑝 0.3 

𝐾𝑖1 150 

𝐾𝑖2 100 

𝐾𝑖3 20 

𝐾𝑖4 80 

𝐾𝑖5 5 

P 15 

Table 2. Parameters of simulation. 

Parameters Value 

DC-link voltage 𝑈𝑑𝑐 700 V 

Output voltage 𝑈𝑎𝑏𝑐 220 V 

Output frequency 𝑓 50 Hz 

Switching and Sampling frequency 𝑓𝑠 12,800 Hz 

Output Filter R 0.5 Ω 

Output Filter L 2 mH 

Output Filter C 15 uF 

To analyze the stability of the control strategy, the zero-pole distributive chart of the closed-loop 

transfer function 𝐺𝑜𝑝(𝑆) is shown in Figure 11. Based on the analysis and the given parameters above, 

the location of poles and zeros are P1 = −110, P2 = −937, P3,4 = −2100 ± i9500, Z1 = −111, Z2 = −889. 

The corresponding Bode diagram of the open-loop transfer function 𝐺𝑜𝑝(𝑆) is shown in Figure 12. 
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Figure 11. Zero-pole distributive chart of the closed-loop transfer function 𝐺𝑜𝑝(𝑆). 

 

Figure 12. Bode diagram of the open-loop transfer function. 

As shown in Figure 12, the close-loop transfer function has a gain greater than 150 dB at a frequency 

of 341 rad/s, which indicates that the static error of signal control at specific frequency (50 Hz) points 

can be totally eliminated due to the PR regulator introduced for this control strategy. 

4. Simulation and Laboratory Experiments 

4.1. Simulation Study 

A simulation system was established in the MATLAB/SIMULINK environment to verify the 

effectiveness of the proposed method for LCO based on the αβ frame applied for the control of the 

voltage source inverter in the microgrid. To comprehensively understand the advantages of the proposed 

control strategy and the LCO, several pairs of comparison simulation on the proposed control scheme 

with and without LCO were conducted. The comparison simulation was performed under the following 

three conditions: 

Scenario 1: The balanced resistive load is applied to the inverter output terminals at 0.03 s and then 

cut off at 0.1 s. 

Scenario 2: The unbalanced resistive load is applied to the inverter output terminals at 0.03 s and then 

cut off at 0.1 s. 
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Scenario 3: The nonlinear resistive load is applied to the inverter output terminals at 0.03 s and then 

cut off at 0.1 s. 

Figures 13–15 show the simulation results of the proposed voltage controller using MATLAB/Simulink 

under the three different conditions mentioned above. Comparison simulation on the proposed control 

with and without LCO were conducted to verify its validity when the load changes. 

Under the control of the proposed strategy without LCO, the output voltage had an instantaneous 

fluctuation of ±60 V in its amplitude when the balanced load was connected to or removed from the 

inverter output terminals as shown in Figure 13a. Furthermore, it took approximately 0.2 s for the output 

voltage to return to the steady-state status. While with the proposed LCO-based control strategy,  

the output voltage variation was mitigated significantly. As shown in Figure 13b, the output voltage 

variation reduces from 60 V to less than 10 V, which indicates that the proposed strategy with LCO 

obviously has a better performance in voltage control when the load current provided by the observer is 

introduced as the feedforward of the control strategy. Furthermore, the transient response of the output 

voltage waveforms is faster at the moment of the balanced load being instantaneously applied to the 

inverter output terminal. The advantage of LCO was also verified under Scenario 2, which is displayed 

in Figure 14a,b. As can be seen in Figure 15, the proposed voltage controller has a good performance 

under nonlinear load and the THD of the output voltage is kept at 2.95% as shown in Figure 17. 
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Figure 13. Simulation results of the propose control strategy under Scenario 1:  

(a) without LCO; (b) with LCO. 
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Figure 14. Simulation results of the propose control strategy under Scenario 2:  

(a) without LCO; (b) with LCO. 

 

Figure 15. Simulation results of the propose control strategy with LCO under Scenario 3. 

 

Figure 16. Nonlinear load circuit with a three phase diode rectifier. 
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Figure 17. Fast Fourier Transformation (FFT) analysis of output voltage under Scenario 3.  

The parameters of the nonlinear load circuit are listed in Table 3. 

Table 3. Parameters of the nonlinear load circuit. 

Items Value 

𝑅𝑑𝑐 50 Ω 

𝐶𝑑𝑐 20 µF 

4.2. Experimental Test 

To verify the effectiveness of the proposed LOC-based control strategy of three-phase inverter  

under a stationary frame, a three-phase prototype test system as illustrated in Figure 1 was built.  

The corresponding hardware experiment platform is shown in Figure 18, with its system parameters 

listed in Table 2. 

In the experiments, comparisons of the traditional control and the proposed LOC-based control under 

balanced load, listed in the simulation part, were also conducted. The experimental results are listed in 

the following figures. 

Figure 19a–c represent the experimental results of the proposed control scheme with and without 

LCO and traditional dual-loop control scheme when the balanced load is connected to the inverter 

terminals, respectively. As can be seen in the Figure 19a, the output voltage stays in the steady-state 

status without any decrease in its amplitude. While in Figure 19b–c, the output voltages both dropped 

from 311 V to 260 V with nearly 50 V of voltage disturbance at the moment of the load being connected. 

The experimental results are consistent with the simulation results above, which indicates the control 

strategy proposed in this paper shows an excellent performance on the dynamic response to the load 

disturbance. Figure 20 shows a stable state waveform of the system output voltage under unbalanced 
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load, which proves that the proposed control strategy has also an excellent capacity of feeding 

unbalanced load. Figure 21 presents the waveform of the output voltage while the voltage reference rises 

to 311 V. 

Sampling 

board
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Figure 18. Hardware experiment platform. 
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Figure 19. Cont. 
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Figure 19. Experimental results under balanced load switch. (a) Proposed control scheme with 

LCO; (b) Proposed control scheme without LCO; (c) Traditional dual-loop control scheme.  
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Figure 20. Experimental results of the proposed control strategy with LCO under 

unbalanced load. 
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Figure 21. Experimental results of the proposed control strategy with LCO when voltage 

reference rises to 311 V.  

5. Conclusions and Future Work 

This paper has proposed an optimal PR control strategy with LCO for a three-phase inverter of 

islanded microgrid. The effectiveness and feasibility of the proposed control strategy and its design 

method were proved by simulations and laboratory experiments. 

(1)  The proposed control strategy is conducted in a stationary αβ  frame, which has a feature of 

extensibility and suitability and is convenient for the implementation of multiple PR regulators 

with different center frequencies. Furthermore, it is easy and simple to design parameters of 

controllers for the reason that control signals under α-β coordinates need do not have to  

be decoupled. 

(2)  The proposed control strategy applies load current as feedforward of dual-loop control, which 

makes a great contribution to its outstanding performance in voltage control such as zero  

steady-state error and low THD. Furthermore, the proposed control strategy has excellent 

dynamics including quick dynamic response and short regulation time, all of which ensure that 

the BESS has a strong ability to support unbalanced and nonlinear loads. 

(3)  The proposed strategy can perfectly support renewable energy, which is beneficial for the spread 

and development of distributed generations. 

Meanwhile, further work remains to be done to perfect the strategy. All of the models and analyses 

in this paper are based on a continuous domain, suitable for high switching frequency situations. The 

discrete-time model and corresponding controller design should be established and researched for low 

switching frequency situations. 
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