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Abstract - In this paper, a feedback linearization control is proposed to regulate the output voltages of a

three-phase four-wire inverter under the unbalanced and nonlinear load conditions. First, the nonlinear model of

system including the output LC filters is derived in the d-q-0 synchronous reference frame. Then, the system

is linearized by the multi-input multi-output feedback linearization. The tracking controllers for

d-q-0-components of three-phase line-to-neutral load voltages are designed by linear control theory. The

experimental results have shown that the proposed control method gives the good performance in response to

the load conditions.
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1. Introduction

Recently, the demand of the AC power supplies for

standalone applications has been rapidly increased,

which could be the recreational vehicles, the military

trucks, or the standalone photovoltaic power systems,

and so on [1]-[3]. Thus, the load conditions are often

unbalanced due to the three-phase unbalanced loads,

unevenly distributed single-phase loads or the

balanced three-phase loads under the fault condition.

These unbalanced loads cause the occurrence of the

zero-sequence components in the three phase load

voltages. However, the three-phase three-wire

inverters cannot deal with the zero-sequence

component to regulate the output voltages to be

balanced. Thus, the neutral point connected to the

load is required to be accessible through which the

zero-sequence current can flow.

Several methods were suggested to provide the

neutral point of the source side. In one category, the

output Δ/Y transformer has been used [4], where the

Δ and Y windings are connected to the inverter and

the load, respectively. Thus, the zero-sequence current

is circulated in the Δ-windings. However, the use of

the transformer makes it bulky, heavy and costly.

The other approaches are to use the three-phase

split-capacitor inverters and the four-leg inverters.

The four-leg inverter, formed by eight switches,

consists of sixteen switch combinations. The four-leg

inverters with the three-dimensional space vector

modulation can achieve a high DC-link voltage

utilization. However, the disadvantages of the four-leg

inverters are the requirement of not only the

additional two switches, but also the complex

three-dimensional space vector modulation
[5]
. The

three-phase split-capacitor inverters consist of the

three-phase three-leg inverter and two capacitors

connected in series. They are the compact and

easily-implementable topologies which can take the
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advantages of the intelligent power modules (IPMs).

Therefore, the three-phase split-capacitor inverter is a

more preferable topology to provide the neutral point,

even though the utilization of DC-link voltage is

15.4% less than that of four-leg inverters
[2]
.

Several research results focusing on regulating the

output voltages of the three-phase split-capacitor

inverters in the unbalanced load conditions have been

reported. The control strategy proposed in [6] uses a

symmetrical sequence decomposition technique to

extract the positive-, negative- and zero-sequence

components from the unbalanced three-phase signals.

Then, the dual current and voltage PI controllers for

d-q axis variables of these components are applied to

regulate the output voltages. However, the system

dynamic response and the stability can be degraded

due to the delay and errors introduced during the

decomposition and composition process. In addition,

this control strategy satisfies only the case of the

unbalanced linear loads. Another control technique,

proposed in [7], is a combination of the discrete-time

sliding mode control and the robust servomechanism

control in the stationary reference frame. This scheme

achieved a relatively good control performance in the

case of unbalanced linear and nonlinear loads.

However, it is extremely difficult to locate a

satisfactory sliding mode surface [8]. Besides, the

selection of the state feedback gain to stabilize the

system augmented by the servo compensator must be

carefully considered under the load variations and

parameters uncertainties
[4]
.

A linearization technique using an input-output

feedback has been applied to the DC-link voltage

control of the PWM converters
[9]-[10]

and the

line-to-line output voltage control of three-phase

Fig. 1 A three-phase four-wire inverter and proposed

control block diagram

three-wire inverter
[11]
for the high dynamic responses

and asymptotic tracking.

This paper proposes a novel control scheme of

three-phase split-capacitor inverters using feedback

linearization in the case of unbalanced linear/nonlinear

loads. By applying the feedback linearization (FL)

control, a decoupling control law is derived. Besides,

the command tracking and dynamic stiffness

performance for the FL control has been analyzed.

The experimental results show the validity of the

proposed control method.

2. System Modeling

The three-phase split-capacitor inverter, which is

shown in Fig. 1, can be represented in synchronous

d-q-0 reference frame. The zero-sequence component

is taken into account due to the




 


  (1)







 (2)




 


  (3)







 (4)

unbalanced load condition, where Lf , Ln , and Cf are

the filter inductance, the neutral filter inductance, and

the filter capacitance, respectively. vd , vq and v0 are

the d-q-0-axis output voltages of the inverter. vld, vlq
and vl0 are the d-q-0-axis phase load voltages. id, iq
and i0 are the d-q-0-axis output currents of the

inverter. ild , ilq and il0 are the d-q-0-axis load

currents.  is the source angular frequency.

3. Feedback Linearization Control

3.1 Feedback linearization control technique

The objective of the MIMO feedback linearization

approach is to eliminate the nonlinearity in the

modeled system
[10]
. The MIMO system is expressed

as:

 · (5)

   (6)

where x is the state vector, u is the control input, y
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is the output, f and g are the smooth vector fields, h

is the smooth scalar function.

The dynamic model of three-phase four-wire

inverter from (1) to (4) is expressed in (5) and (6),

then

        


     


     


 














 

 




  



 






 

























 


 














To generate an explicit relationship between the

outputs      and the inputs      each output

is differentiated until a control input appears.


























 (7)

Then, the decoupling control law is given as





















































 (8)

where

 









  




 







 


 

 

















 











  

  

  

To eliminate this tracking error in the presence of

parameters variations, integral controls are added to

the tracking controller. Thus, the new control inputs

are given by






































 (9)

where        .

The voltage references obtained from (8) and (9),

are expressed as
























 







 (10)

where   
 .

Fig. 2 shows a process of the FL control. Fig. 2(a)

illustrates the input-output relation. The nonlinearity

is then eliminated by the decoupling control law as

shown in Fig. 2(b). The resultant linearized system is

regulated by the tracking controller in Fig. 2(c).

Each output in (7) is differentiated twice until the

input appears. Thus, the total relative degree of the

system is six which equals to the order of the system.

There is no internal dynamics associated with the

MIMO linearization. It means that the tracking controller

can guarantee the stability of the overall system.

Fig. 2 A process of FL control (a) Input-output relationship

(b) Decoupling control law (c) The system decoupled

Fig. 3 Block diagram of the PI control
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The closed-loop transfer function of the d-axis load

voltage after decoupling is obtained as














(11)

The variables, , are selected so that the

polynomial, 
, has all of its roots,

, strictly in the left-half complex plane, which

leads to the exponentially stable dynamics.

The PI control technique is considered as a

conventional method as shown in Fig. 3. The

closed-loop transfer function is derived as












(12)

where   and    .

There are two basic properties which have been

applied in this work to evaluate the control

performance of the controllers: 1) the command

tracking and 2) the dynamic stiffness. The following

sections will investigate how they affect the control

performance of the system.

3.2 Command tracking performance

The command tracking performance shows how the

outputs track to the reference inputs. In this system

the outputs are the three-phase load voltages and the

inputs are the three-phase load voltage references. To

get the tracking accuracy of the system to the

commands, the Bode plot of the closed-loop transfer

function of two controllers is analyzed in Fig. 4. As

can be seen, the two controllers have a unity gain

Fig. 4 Bode plot of the FL and PI controls

and zero phase delay at the low frequency range,

which gives the good tracking accuracy of controllers.

The positive values of the phase and gain margins

ensure the stability property of the controllers. The

FL control has a lower resonant peak and a wider

bandwidth which result in the lower overshoot and

the faster settling time at the stepwise load change.

Thus, the command tracking performance
[14]
of the

FL control is better than that of the PI control. The

experimental results illustrated in the Fig.10 to Fig.15

also show the better command tracking performance

of the FL control.

3.3 Dynamic stiffness property

The dynamic stiffness of a system is defined as the

ratio of the process disturbance to the process output
[14]-[16]

. It represents the effect of the process

disturbance on the outputs. In this system, the action

of providing inverter output voltages to response to

the change of load for balancing the load voltages is

equivalent to providing dynamic stiffness. The system,

which is shown in Fig. 5(a), consists of the

three-phase split-capacitor inverter with the LC

output filter which connects to the load. The load

current varieswith the type of loads which are the

unbalanced linear and nonlinear loads. Hence, the load

current is considered as a process disturbance. The

block diagram of the three-phase split-capacitor

inverter with the LC output filter is shown in Fig.

5(b). The dynamic stiffness of the system without

any controller is expressed as







(13)

As mentioned earlier, Fig. 3 shows the system

applying the PI current and voltage controllers. The

load current is also considered as a disturbance.

Hence, the dynamic stiffness can be derived as













(14)

In the process of the FL control, the change of load

current is calculated by the matrix A(x) and then is

cancelled by the decoupling control law as shown in

Fig. 2(b). In the presence of the load change or the

parameter variations, there may exist an error D(s)
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of the decoupling control law which is considered as

a process disturbance. Therefore, the dynamic

stiffness of the FL control is derived as follows:









(15)

The dynamic stiffness property of the FL and PI

controls is shown in Fig. 6. The dynamic stiffness of

the FL control is significantly improved in comparison

with PI control. Thus, the FL control gives better

performance at the disturbance rejection.

4. 3-D Space Vector Modulation

The application of 3-D SVM for a three-phase

split-capacitor PWM inverter was presented in
[17]
.

The space vectors, switching states and inverter

output voltages were described in detail in [13]. Due to

the presence of the zero-sequence component, the

eight basic space vectors are distributed in the α-β-0

space which is shown in Fig. 7(a). Hence, the

inverter output voltage reference vector is expressed

by 3-D vectors as follows:

 ··· (16)

 

Fig. 5 Three-phase split-capacitor inverter with LC

output filter (a) The equivalent circuit (b)

the block diagram

Fig. 6 Dynamic stiffness property of the FL and PI

controls

The reference vector  is projected into the α-β

plane as shown in Fig. 7(b). Then, it can be

synthesized by its adjacent vectors 

 and



in the α-β plane

 
 

(17)

where Ts is the sampling frequency. The effective

times of each space vector for the sector I are

calculated by (18). For the other sectors, the

equations are also obtained by the similar manner
[13]
.

Fig. 8 illustrates the switching sequence for the

reference voltage in the sector I.

 

 







 




 







 

(18)

Fig. 7 Eight space vectors of three-phase split-capacitor

inverter (a) in the α-β-0 space (b) projected in

the α-β plane

Fig. 8 Switching sequence for the reference vector in

the sector
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Type of load Parameters

Unbalanced resistor load
  Ra = Rb = 20 [Ω] 
  Rc = 1 [kΩ]

Unbalanced nonlinear load   Ls = 1 [mH],  
  C = 4.7 [mF],
  Rdca = 50 [Ω], 
  Rdcb=Rdcc=1 [kΩ]

Controller type 
Controller gains

Unbalanced 
linear load 

  Unbalanced
 nonlinear load 

PI 
control 

Current 
controller 

   kp = 11.4 
   ki = 38 

  kp = 7.5 
  ki = 25 

Voltage 
controller 

   kpv = 0.31
   kiv = 484 

  kpv = 0.2
  kiv = 196 

FL control 
   k1 = 5.1 x103

   k2 = 8.67 x106

   k3 = 4.913x109 

It should be noted that the inequality of  and 

is used for synthesizing the zero-sequence voltages to

balance the three-phase line-to-neutral load voltages.

Thus, the inverter control can be performed in the α-

β-0 three dimensional coordinate.

5. Experimental Results

The validity of the proposed control algorithm has

been verified by experimental tests for the unbalanced

linear and nonlinear loads. The three-phase four-wire

split capacitor inverter was setup by the intelligent

power module (PM75RLA060) and two DC-link

capacitors. A three-phase diode rectifier is used to

supply 300[V] DC-link voltage at the input of inverter

from a three-phase AC source. The switching

frequency of the inverter is selected as 10[kHz] for

harmonic reduction
[18],[19]

. The filter inductor, Lf , is

3[mH] and the filter capacitor, Cf ,is 100[µF] which

correspond to a cut-off frequency at 450[Hz]. The

layout of the experimental set-up is shown in the

Fig. 9. The parameters of the loads and controllers

are listed in the Table 2 and Table 3, respectively. It

should be noted that the PI control method needs to

adjust the controller gains for other types of loads.

On the contrary, the FL control can achieve the good

performance without adjusting the gains in the both

cases of unbalanced linear and nonlinear loads.

Table 2 Parameters of loads

Split-
capacitor 
inverter

DSP TMS320VC33

Unbalanced nonlinear loadUnbalanced resistor load

Fig. 9 The layout of the experimental set-up

Table 3 Parameters of controllers

Fig. 10 to Fig. 13 show the experimental results of

the FL and PI control at unbalanced linear and

nonlinear loads. Each figure illustrates the three-phase

line-to-neutral output voltages, three-phase load

currents, zero-sequence current and DC link

capacitors voltages. As can be seen, the three-phase

line-to-neutral output voltages are maintained to be

balanced. Their total harmonic distortion (THD)

values are recorded in the Table 4. It should be noted

that the command tracking performance, with respect

to the THD of the two controllers is not so different,

in the case of unbalanced linear loads. However, the

THD of the phase-A load voltage in the case of PI

control is significantly increased by 6.0%, in the case

of unbalanced nonlinear load while that of FL control

is kept at 2.3%. The FL control with higher dynamic

stiffness achieves better control performance than the

PI control in the case of the unbalanced nonlinear load.

Fig. 10 Performance of the FL control under the

unbalanced linear load (a) Three-phase load

voltages (b) Three-phase load currents (c)

Neutral-line current (d) DC-link capacitor voltages
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Fig. 14 and Fig. 15 show the response of

controllers to the step change of resistor load. A set

of the analog timer (AT8SDN) and solid state relay

Fig. 11 Performance of the PI control under the

unbalanced linear load (a) Three-phase load

voltages (b) Three-phase load currents (c)

Neutral-line current (d) DC-link capacitor

voltages

Fig. 12 Performance of the FL control under unbalanced

nonlinear load (a) Three-phase load voltages (b)

Three-phase load currents (c) Neutral-line

current (d) DC-link capacitor voltages

(SDA3-260R) is setup to provide the sequence of

abrupt changes from the full load to no load and vice

versa, after 50[ms]. In Fig. 13(a) and (b), the waveforms

Fig. 13 Performance of the PI control under unbalanced

nonlinear load (a) Three-phase load voltages (b)

Three-phase load currents (c) Neutral-line

current (d) DC-link capacitor voltages

Fig. 14 FL control at load step changes (a) Phase-A load

voltage (b) Phase-A load current (c) d-axis load

voltage (d) q-axis load voltage (e) 0-axis load

voltage
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Load type
Controller 

type
THDa 
[%]

THDb 
[%]

THDc 
[%]

Unbalanced 
linear load

PI control 2.8 2.0 3.4

FL control 2.5 2.8 2.2

Unbalanced 
nonlinear load

PI control 6.0 2.8 2.2

FL control 2.3 2.0 1.8

Table 4 THD of load voltages

of phase-A load voltage and current are shown. The

responses of d-q-0 axis voltages for the step change

of load are also shown in Fig. 13 (c)-(e). Compared

with the results of the PI control in Fig. 14(c)-(e),

the FL control obviously show the faster response

performance to the stepwise load change with respect

to the lower overshoots and shorter settling time.

6. Conclusions

This paper has proposed a novel output voltage

control of the three-phase split-capacitor inverter

using a multivariable feedback linearization. The FL

control can regulate the load voltages to be balanced

in the case of the unbalanced linear and nonlinear

loads. In addition, the comprehensive analysis in the

frequency domain for the FL and PI controls has

Fig. 15 PI control at load step changes (a) Phase-A load

voltage (b) Phase-A load currents (c) d-axis load

voltage (d) q-axis load voltage (e) 0-axis load

voltage

been presented. The feasibility of the FL control for

the three-phase split-capacitor inverter has been

verified by the experimental results, which show the

better performance than the conventional PI control

method.
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