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Abstract This paper presents control strategy for multifunctional, three-phase, four wire AC-DC converters. The converter is 
named multifunctional because it operates as a battery charger and as a load power supplier. In other words, two different loads 
in parallel are connected simultaneously to the converter. For this purpose some current and voltage signals are necessary to send 
to the control circuit. The indicated signals are, input main currents, output load currents, battery bank currents, voltage across of 
each battery bank, total output voltage, and input main voltages for feed-forward networks and current shape. The proposed 
converter control strategy is applied in non-isolated three-phase UPS systems. The relevant features of the proposed converter 
control strategy are, power factor correction, common neutral point between input and output to facilitate bypass circuit 
installation, symmetrical divided output voltage for inverters with neutral point, and battery current control with high power 
factor. Principle of operation of the control circuit and experimental results obtained from a small power scale prototype are 
presented.  

Keywords AC-DC rectifier control, three-phase AC-DC converter, three-phase battery charger, non-linear rectifier control. 

Resumo Este trabalho apresenta uma estratégia de controle para conversor a quatro fios, trifásico, com característica multifun-
cional. O conversor é considerado multifuncional devido à operação como carregador de baterias e fonte de energia para a carga. 
Em outras palavras, duas cargas em paralelo são conectadas de forma simultânea ao conversor. Para possibilitar o controle ade-
quado, é necessário obter amostras de corrente e tensão e enviá-los ao circuito de controle. Os sinais amostrados são: correntes de 
entrada, corrente através das cargas, correntes através dos bancos de baterias, tensão sobre cada banco de baterias, tensão total e 
tensão da rede elétrica para as malhas de feed-forward e conseguir o formato senoidal da corrente de entrada. A estratégia propos-
ta para o conversor é aplicada em sistemas de UPS trifásicos. Os principais aspectos da estratégia proposta são: correção do fator 
de potência, neutro comum entre a rede elétrica e a saída do retificador, o que facilita a instalação do circuito de bypass, tensões 
simétricas de saída para inversores com neutro e controle de corrente de carga e das baterias. São apresentados no artigo, o prin-
cípio de operação do circuito de controle e resultados experimentais obtidos desde um protótipo de pequena escala de potência. 

Palavras-chave Controle de Retificador CA-CC, Conversor trifásico CA-CC, Carregador de Baterias Trifásico, Controle não 
Linear de Retificadores.

INTRODUCTION 

According to the Brazilian Standard NBR 15014 
(2003), UPS (Uninterruptible Power Supplies) are 
classified in three main categories: on-line or double 
conversion, where the load is continuously supplied 
by the rectifier and inverter, thus performing a dual 
power conversion (AC-to-DC and DC-to-AC); line 
interactive, and off-line or stand-by.   

In the on-line UPS, the output voltage frequency 
is independent of the input voltage frequency due to 
DC voltage bus. On the other hand, in the line inter-
active UPS and off-line UPS, the output voltage it 
has the same frequency of the input voltage. During 
grid mode operation, the line interactive UPS pre-
sents output voltage regulation, and the standby UPS 
it not has output voltage regulation. The figures be-
low show these structures defined by the Standard. 

As shown the three figures, they all require a sepa-
rated battery charger converter, which can be iso-
lated or not isolated. 

RECTIFIER

~
=

~
=

INVERTER

SWITCH

~
=

BATTERYCHARGER

GRID

BATTERY

GRID LOAD

GRID

 
Figure 1 – Double conversion UPS system, NBR 15014 (2003). 
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Figure 2 – Interactive UPS system as defined, NBR 15014 (2003). 
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Figure 3 – Standby UPS as defined, NBR 15014 (2003). 
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Figure 4 - Re-definition proposed to the double conversion UPS 
system. 

This paper presents a modification of double 
conversion UPS shown in Figure 1. The battery 
charger converter is incorporated to the rectifier, so, 
the battery charger converter is eliminated. For this 
purpose the rectifier or AC-to-DC converter fulfills 
the functions of battery charger and load supplier. 
The batteries are charged with constant current, and 
also the voltage across the terminal is controlled. 
Other characteristics of the rectifier is its power fac-
tor correction, this re-definition is shown in Figure 4. 
The four-wire connection simplifies the bypass cir-
cuit connection because the neutral wire is common 
between the input, and the output. 

Analysis, design, and control of a three-leg con-
verter with split dc bus was studied by, Lo, Y. K.  
(2002), Jiang, S. (2011), Ghosh, R. (2008), which 
can be used as a four-wire front-end converter in 
three-phase transformerless line conditioner and UPS 
applications, such as realized by, Lo, Y. K. (1995), 
working as battery charger, whose function is incor-
porated in the proposed control strategy, thus de-
scribing a multifunctional converter, which poses 
two functionalities: as charger and as line condi-
tioner. 

II. MULTIFUNCTIONAL CONVERTER 

Control techniques have been reported for three-
phase ac–dc converters which was studied by,  
Escobar, G. (2011), Wen, J. (2006), and Batista, F. 
A. B. (2006). Most of them require complex trans-
formations, PLL, and a number of voltage and cur-
rent sensors. As a resulted, the associated control 
scheme becomes complex and its implementation 
requires large computational work as shows, Ghosh, 
R. (2008). 

Addressing the above issues, the indirect current 
control scheme has been reported for three-wire rec-
tifier, single-phase, and half-bridge rectifier, Ghosh, 
R. (2008), which do not require input voltage sens-
ing. Various issues such as balancing the two halves 
of the DC bus and maintaining low neutral current 
were addressed by, Greul, R. (2007), Singh, B. 
(2004), and Ghosh, R. (2008). 

The control schemes presented in Lo, Y. K. 
(1995), and Jiang, S., (2011), it uses a conventional 
sine-triangle PWM (CSPWM) scheme to generate 
the gating pulses for the converter switches. The 
three sinusoidal voltage references are compared 
with a common high-frequency triangular carrier. It 
is shown that the above PWM scheme results in a 
peak-to-peak neutral current ripple greater than the 
peak-to-peak ripple in the line currents. 

A common important feature is the power factor 
correction and the reduced voltage stress across the 
active semiconductors. Such features can be 
achieved by using suitable topologies and control 
techniques, Ghosh, R. (2008). 

The concept proposed in Figure 5 presents the 
advantage of only two required battery banks and 
reduced amount of power processing devices. The 
three-phase four wire block can be replaced by any 
kind of converter, even multi-level converters, with 
proper circuit modifications. However, in this case 
the battery bank is non-isolated from the load and 
from the main, this could be a drawback when a fault 
occurs in the semiconductors of the power stage, and 
as a result a DC voltage is applied to the load. 
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Figure 5 - Simplified block diagram of a multifunctional three-
phase four-wire AC-DC converter feeding two loads simultane-

ously. 
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Figure 6 - Two level three-phase rectifier with four wire connec-
tion, Buck battery charger is used, presenting the main protections 

necessary for safe operation. 

The second concept shown in Figure 6 presents 
a two-level bidirectional rectifier working as AC-to-
DC stage. However, the efficiency is compromised 
in the battery powered mode, due to two semicon-
ductors in series with the batteries. In this concept 
were adopted two-isolated battery chargers. The 
main advantage of the first concept is its simple con-
nection, and battery banks protection. 
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Figure 7 - Proposed multifunction two-level three-phase rectifier 
with four-wire connection that feeds directly batteries and loads, 

presenting the main protections necessary for safe operation. 

The Figure 6 shows a classic structure of three-
phase rectifier with batteries connected indirectly to 
the DC bus through a thyristors. In Figure 7, is 
shown the proposed configuration in which the bat-
teries are directly connected to the DC bus. This 
structure differs from conventional structure because 
the batteries are directly connected to DC bus, with-
out the need for auxiliary thyristors in series with the 
batteries. 

Thus, comparing both topologies it could be 
concluded that the first block diagram shown in 
Figure 5 corresponds to Figure 7. The same presents 
more advantages than the second one. 

III. CONTROL STRATEGY 

Once the batteries are configured as shown in 
Figure 7, it is mandatory the use of additional protec-
tions for IGBT modules to avoid improper operation 
during false triggering of the switches. 

A classical approach proposed for controlling 
the three-phase rectifier suggested by, Jiang, S., 

(2011), is shown in Figure 8, in which the control 
loops are: CI(s) current controller per phase, (VBUS-

sum) total bus voltage loop sample, CV(s) voltage loop 
controller, (VBUSdiff) differential voltage loop control-
ler, and CD(s) unbalance voltage loop controller. This 
strategy usually employs PI or PID controllers, 
whose characteristic is the reduced computational 
effort and whose tuning is already well established in 
technical literature. 
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Figure 8 - Classical control methods of high power factor control 

for three-phase rectifiers. 

The four wire controlled rectifier allows the sim-
plification of bypass operation and unbalanced loads 
connected to the DC bus. Also there’s a possibility 
for connection of three phase inverters with neutral 
point. Thus it is necessary to control the DC bus 
voltage (unbalance) for different loads condition. 

C  (s)I

I          (s)1_ref

I  (s)1

X

G  (s)I

+-

V   (s)n1

C  (s)I

I          (s)2_ref

I  (s)2

X +-

V   (s)n2

C  (s)I

I          (s)3_ref

I  (s)3

X +-

V   (s)n3

I  (s)1

I  (s)2

I  (s)3

V   (s)s1

V   (s)s2

V   (s)s3

I        sin(wt)+Ipeak               Ncc

I        sin(wt+120)+Ipeak                       Ncc

C  (s)v

V    (s)ref
+-

V     (s)sum

X

pkmaxI        

I        pkmin

 C    (s) iB

100%I        

I        0%

I          (s)Bmax
+-

I       (s)B+

G   (s)V

V     (s)sum

V     (s)diff

I        peak

 C    (s) iB

100%I        

I        0%

I          (s)Bmax
+-

I      (s)B-

V     (s)diff

 C    (s) iN+-
0

I        

I        Nmin

Nmax

++

I     (s)Nc

I     (s)Nc

++

++

I     (s)Nc

I     (s)Nc

I        sin(wt-120)+Ipeak                      Ncc

 
Figure 9 - Proposed control block diagram of the three-phase, 

four-wire rectifier. The control loop monitors the input current, the 
current through the battery and the voltage on each battery. 

Thus, a modification to the classic strategy is 
shown in Figure 9, which meshes auxiliary circuits 
employing non-linear change the peak value of the 
output reference voltage loop are proposed. This 
modification allows the change of the peak value of 
the current flowing through the main by modifying 
the power that is delivered to the battery and the 
load. 

IV. MATHEMATICAL MODELS 

Figure 10 shows the main waveforms for some 
switching periods of the single phase two level con-
verter. These waveforms are allowed once the mains 
voltage has an operating frequency much lower than 
the switching ωgrid<< ωs  

A) Single-Phase Time Domain Analysis 
For time domain analysis is considered, the ideal 

switches, ideal capacitors, and is analyzed for con-
tinuous conduction mode (CCM), since the current 
through the inductor is non zero during the switching 
period. 



The nomenclature used for analysis of the recti-
fier shown in Figure 10. 

V+, Vbatt+, V-
, Vbatt-, INV_BUS+, INV_BUS-, 

voltage from batteries and buses; 
I1,2,3, IBatt+, IBatt- phase and batteries currents; 
vx0(t) instantaneous voltage between the central 

switch terminal and neutral; 
Vx0(t) average voltage for each switching period; 
D(t), D'(t), average duty cycle and its comple-

ment; 
Ia, Ip, Ic: average currents through active, pas-

sive, and common terminal, respectively. 
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Figure 10 - Two level converter, a) ideal switch model, b) and c) 

main waveforms to grid voltages Vac>0 and Vac<0. 

The average voltage in a switching period is ex-
pressed in (1). This equation correspond to the aver-
age value of switch model depends on each bus volt-
age, duty cycle, and its complement, in continuous 
conduction mode of the converter. Such averaged 
switch model looks like a controlled voltage source, 
as shown in Figure 11. 
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(1) 

B) Single-Phase Static Model 
A simplified model for feature extraction of the 

transfer functions of the converter can be analyzed as 
proposed in Mohan, N. (1995), Rashid, M. H. 
(2001), Barbi, I. (2012), Erickson, R. W. (2000), 
Borgonovo, D. (2005), Batista, F. A. B. (2006). Such 
analysis yields the instantaneous averaged value of 
electrical model for a single phase converter is 
shown in Figure 11. 
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Figure 11 - Simplified single-phase model for operation in con-

tinuous conduction mode of the two-level converter. 

Using the derived switch model in Figure 11, the 
currents through the active terminal (Ia) and passive 
terminal (Ip) ports necessarily depend on the current 
flowing through the common terminal (Ic), and 
whose value is equal to that flowing through the L 
inductor and given by (2). 
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The active (Ia) and passive (Ip) terminal currents 
may be partially divided to the load and the battery, 
so that a current controller can imposes a controlled 
charging of the batteries, also providing the regula-
tion of the DC bus voltage with proper methodology. 

C) Three-Phase Static Model 
The Figure 12 shows the complete model of the 

three-phase rectifier, considering the instantaneous 
averaged values as PWM switch model, with batter-
ies modeled as DC voltage sources and the load be-
ing omitted, Lin, B. R. (2004). The static single 
phase model can be extended to three-phase model 
and is presented by (3) and (4), in which each aver-
aged PWM switch is shown as controlled voltage 
sources and its value is represented as the difference 
between the positive bus voltage multiplied by the 
corresponding phase duty cycle and negative bus 
voltage multiplied by complementary phase duty 
cycle. In steady state, the variation of the current 
term given by (4), shall be null, otherwise the current 
through the inductor tends to grow indefinitely. The 
current controller imposes small variations in the 
phase duty cycle, resulting in successive increments 
of the integral term, thus enabling the proper shaping 
of current through the phase. 
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The current through the batteries are the result of 
the sum of the average current available from each 
rectifier stage minus the current delivered to the load. 
Considering the balance of energy absorbed from the 
grid and delivered to the load and battery, it is shown 
that output current - IO(t) - (5) is obtained from the 
relation between the time-variant peak main current 
(IP(t) - value that is adjusted by loop voltage control-
ler), main peak voltage (VP (t) - variant due to the 
grid itself), with the sum of bus voltages (VSUM (t)) 



and the total current delivered to the load and the 
batteries (IO(t)), Borgonovo, D. (2005), Batista, F. A. 
B. (2006). 
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Figure 12 - Three-phase simplified model for continuous conduc-

tion mode considering the complete model of the rectifier. 

A change is proposed to the classic power factor 
correction controller (Figure 9), so that current flow-
ing through the load and battery is controlled by 
changing the peak current flowing from the main 
with the appropriate format, ensuring a proper cur-
rent quality, high power factor and low  total har-
monic distortion THDi. 

The proposed controller employs the following 
loops: 

• Current loop for phases 1, 2 and 3, ensuring 
the sinusoidal current format flowing through power 
main; 

• Differential voltage loop to ensure the balance 
of bus voltages V+ and V-; 

• Total voltage loop to ensure proper regulation 
of voltages V+ and V-; 

• Current loop through the battery connected to 
the positive and negative DC bus, enabling limitation 
of the charging current. 

This methodology can also be extended to sin-
gle-phase systems and can be used in DQ reference 
frame based rectifiers. 

D) Single Phase Dynamic Model 
By analyzing the large signal model shown in 

Figure 11, main transfer functions for control and 
stability analysis of the converter are extracted (8)-
(16). 
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(8) 

The value of rse is the equivalent series resis-
tance of the battery in parallel with the capacitor 
equivalent series resistance. 
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(9) 

The transfer function relating the current 
through the inductor and duty cycle is presented in 
(9). Such expression is necessary for the proper de-
sign of current controller loop. 
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(10) 
 
(11) 

In (10) the transfer function relating the output 
voltage and current through the inductor, essential 
function to calculate and project the bus voltage loop 
controller. 

E) Model for Multifunctional Three-Phase Four 
Wire Converter 

For analysis of the dynamic model, the output 
power stage is shown in Figure 13, which has capaci-
tors, batteries, and loads, connected respectively to 
the positive and negative DC bus of the rectifier 
power stage. 
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Figure 13 - Schematic diagram of voltages and currents at the load 

and battery, considering the unbalanced voltages V0
+ e V0

-. 

Consider the decomposition of the currents Io
+ 

and Io
-, as described in the expressions (12)-(14). 

Applying the corresponding Laplace transform, it is 
possible to obtain the transfer function that relates 
those currents and voltages (15)-(16). 
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Thus, it is possible to obtain expressions for the 
dynamic differential voltages, and the total voltage 
of the bus, which assist in the design of controllers 
(15)-(16). 

V. SIMULATION RESULTS 

The system incorporating the methodology pro-
posed in this paper is simulated in PSIM environ-
ment, shown in Figure 14. Grid-currents, battery 
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voltages and currents, can be seen in  Figure 15, dur-
ing a 1,5 seconds charging process. Detailed view of 
those can be seen in Figure 16. 

 
Figure 14 - Employed simulation circuit of two level three-phase 

rectifier with output power of 30kW. 

 

 

 

 

 

 
 

 Figure 15 - Simulation results for an output power of 30kW, 
showing the charging process (current through both battery banks), 
the upper graph shows the current per each phase of the rectifier. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 16 - Detailed simulation results of 30kW output power, 
showing the charging process, the upper graph shows the current 
per each phase of the rectifier, the middle shows the battery volt-

age, and the lower graph shows the averaged charging battery 
currents. 

VI. EXPERIMENTAL RESULTS 

Experimental results of the proposed control 
technique are presented. The prototype was designed 
for small-scale power (150W) employed for valida-
tion of the technique. All data were obtained from a 
DSO-2014A-X oscilloscope with current probe 
FLUKE 80i-110S. The files were obtained in CSV 
format, and converted to images via MATHCAD © 
for viewing. The Figure 17 exhibits the three-phase 
voltages and one phase current, it shows an im-
proved current quality, reduced harmonic content 

and high power factor (PF> 0.98), at nominal con-
verter power, balanced loads and charged batteries. 
Table I shows the data of the small-power-scale ex-
perimental prototype employed to validate the pro-
posed technique. The total power output of small-
scale prototype is 150W with 12V batteries, 7Ah, 
and totaling two buses of +/-24Vdc. 

TABLE I - Experimental components for small-scale prototype 

Power Rectifier main components 

Item Number Kind / Value 
Observa-

tions 

Lr,s,t 900uH 
Input induct-

ances 
- 

S1,2,3,4,5,6 IGBTs + Drivers 600V / 10A 
IRAMS10U

P60B 

C1,2 
6 x 2200uF / 100V 

for each bus 
Epcos - 

B1,2 
Lead Acid 12V, 

7Ah 
2x 12V battery 

for each bus 
- 

R1,2 
2.6 Ohm/75W, by 

Load 
Load 

Total output 
power is 
150W 

T1,2,3 Input transformers 
220VRMS/12VR

MS 
48W each, 

4ARMS 
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Figure 17 – Input voltages of the phases 1, 2, 3, and current 
through phase 1. The waveforms correspond to full power, bal-

anced loads, and charged batteries. 
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Figure 18 - DC bus voltages under load with battery average cur-
rent limited at 0.7 A. During the floating voltage condition there’s 

a reduction on the averaged battery current. 

The result of the entire charging process 
(constant-current and constant-voltage) is shown in 
Figure 18. The averaged battery current drops after 8 
seconds, as the controller changes to the constant-
voltage (CV) charging mode. Before the CV 
charging mode, the averaged battery current remains 



at aprox. 0.7A, performing a constant-current 
charging mode. 

VII. CONCLUSION 

This paper proposes a control technique of two-
level three-phase rectifier, which is easily extensible 
to other three-phase rectifier topologies, aiming the 
charger stage removal and incorporate its functional-
ity on the control loops. This proposal also ensures 
the basic operations of the three-phase rectifier: 
o High power factor, even during charging of the 

batteries; 
o Charge the battery in case of full load and no 

load connected on the bus, even with minimum 
and maximum mains voltage condition; 

o Method of charging batteries by limiting the 
averaged current flowing through them; 

o Process of bus voltage equalization through the 
use of unbalanced loop controls; 

o Process of total bus voltage stabilization through 
the use of proper loop control; 

o Limitation of the absorbed main power, by limit-
ing the current drawn from the grid, in order to 
protect the power semiconductor; 
A small-power-scale prototype was built to ver-

ify the proposed control methodology. The author 
belive this strategy can be incorporated in medium 
and large scale UPS systems, as it is simple and 
cheaper than traditional configurations. 
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