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ABSTRACT

This paper discusses the design of controllerremisformerless uninterruptible power supply (URS)h
simultaneous ac and dc loading. The objective efdsign is to maintain good regulation of the radt dc
voltages and sinusoidal inductor currents simulbasey. The volt-second balance across the outfiat fi
inductor is used to maintain the current in sindabform which is the unique contribution of thiaper.
Complete analytical design solution is provided footh rectifier and inverter simultaneously.
Implementation of the controller requires simplalag circuits. The proposed solution is validate@tigh
simulation and experimentation.

Keywords: Ac And Dc Load, Carrier Based Modulation, Half @fe Boost Rectifier, Transformerless
UPS

1. INTRODUCTION The circuit diagram of the half bridge
boost converter also known as transformerless UPS
Efficiency is one of the important concernsis shown in Figure 1.
in power electronics equipments.  Number of
switches and the switching frequency are the major
contributing factors to power loss. Boost type
converter type topology is best suited for providin
better voltage regulation and reduced harmonic
distortion. Several works have dealt with modeling,
analysis and control of half bridge Boost rectftler vi
5,16-18]. Various configurations of boost converter
topologies are presented in [1]. Among these, sing|
phase half bridge voltage doubler boost converter
has been a best choice for low cost, massive high
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power and variable power factor applications [2-4].  Figure.1.Circuit Diagram Of The Transformerless
The configuration of the half bridge converter UPS
topology is expected to have higher efficiency over There are five challenges associated with

any converter topologies for UPS applications. lne transformerless UPS control namely i) to
provides  voltage  doubling and  allows egylate the dc bus voltage ii) to regulate theout
transformerless power transfer. The circuit ig¢ voltage iii) To maintain input power factor at
extensively used in single phgse_ac line conditionegmity iv) to hold DC bus voltage equally in the two
and frequency changer applications. Many workgapacitors and v)to hold input inductor and output
have been reported in literature in the directién o¢ filter currents sinusoidal .
control of UPS [11-15] Detailed state space analysis and analytical
results related to half bridge boost rectifier
efficiency and voltage imbalances are reported in
[3].The influence of circuit parameters variation
and switching strategy on the boost rectifier's
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performance and controller design are reported @and Q correspond to the inverter portion of the
[2]. UPS.

A nonlinear carrier based control is The equivalent circuit diagrams for

proposed in [5] for high power factor boostvarious switch positions are shown in Figure 2.
rectifiers. The technique eliminates input voltageperation of the circuit can be explained in four
sensing, error amplifier in the current shapingploomodes as given by Table 1 depending on

and multiplier-divider circuitry. Design of a diglt the ON and OFF conditions of;@& Q, and Q &
programmable control IC for common neutral haliQ4 as indicated by,;%nd $.

bridge ac-dc-ac converter is presented in [6]. The
paper also discusses the inner current loop and t i v .
outer voltage loop for ac regulation. A simple I—‘JW" e ‘rﬂ“l 1 TJ*-“W’W—I“’W'j_I
analog circuit with complete analytical design | & U L B 1 L T Ju$h‘
solutions is presented for the rectifier in [4].€Th '“'@ T 83 Ta‘ ?“ 1 o T )
paper also illustrates the function of carrier liase | ! 1o '

modulation as an equivalent current loop. Ar
inverse transfer function based zero phase sh
notch filter control is proposed for SPWM inverter
in [7] where the dc dynamics is kept constant. /
four- leg type converter which operates as .

- YL :gn
rectifier, a battery charger/discharger and a AR rw 'fT
inverter with necessary analysis and design ¢ u(«j - PO

Vil ¢ Q
control schemes is presented in [8]. 1‘ & T )
The analytical equations of the UPS shov i 1 7

that ac and dc dynamics are decoupled for voltag

regulation. Hence the ac and dc voltage regulatior L&) @

can be dealt separately. However the ac and dc

dynamics are coupled for the current dynamics. Figure 2. Equivalent circuit diagrams for ON and
Hence the design for sinusoidal input and outpuDFF conditions of the switches (a} @d Q ON (b)Q,
filter inductor currents should be dealt in the and Q ON (c)Q;and QON (d) Q and Q ON
coupl_ed_ form. This feature is the unique Table 1: ON-OFF condition of the switches
contribution of the proposed paper when compared
to the existing literature. In this paper the costgl Qu Qo S1 Qs Qs S
control scheme is presented for regulating the aON OFF 1 ON OFF| 1
and dc bus voltages. The method used farOFF | ON 0 OFF | ON| O
maintaining the unity power factor at the input is

extended to maintain the output inductor curremts i The dynamic equations in terms
sinusoidal form. The control functions for both theof S, and $ can be given as follows.

ac and dc voltage regulations are derived from-volt

second balance equations across the input and

output filter inductors respectively. This resuiits L1—5=V —r| <TSV,—(@1-S)vy (1a)

simple analog control functions for both the = dt

rectifier and inverter which can be easily ch1 . )
implemented. = _'d =S, +ist-5)  (1b)
2. CIRCUIT CONFIGURATION AND —-i (1-S)—i
MATHEMATICAL MODELLING : de °( 2) s 3 (1c)
The circuit diagram of the transformer less

UPS is shown in Figure 1.Vi is the input voltage, di, _ . 1d
L1 is the input inductor, rs is the equivalenteeri Lo 7, = S:Ver = (1= $;)Ve, ~ F4lo v, (1d)
resistance of the inductor, C1 and C2 are therdkc li
capacitors, Rdc is the dc load resistor, LO and CO

are the inductance and capacitance of the outpyt 9V,
filter and Rac is the ac load resistor. Switchds Q "° (¢
and Q2 correspond to the rectifier portion angd Q

o — 1, (1e)

s
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where $ and $ to be substituted from Table 1. Equations (3a) to (3e) describe the small signal

model and equation (4) gives the Matrix form

Upon replacing Sand $ by d, and d
where d is the duty ratio of @and g is the duty

[dis | [

ratio of Q, the average model is obtained as in a L e 0o Lo YtV g
equations (2a-2e) di | |1-p, _1 _1 D, | IR
doyja ROR w5 ¢ o |
dve| | B _1 1 1D, | X | | T
di . ‘?t C, R R G : 0 —C—2 —é - a
L, dtS =V, —rigtdve, - (1-d;)ve, (2a) d(T? 0 % 1_L0Dz ,I% *Lio allo o o chl_:ch d
-%- I 0 0 0 Cio *?lq 0 0 0 0
dv, . . .
c—=- -id,+ig(t-d,) (2b) 3. PROPOSED CONTROL SCHEME FOR
dt © SINUSOIDAL INDUCTOR CURRENTS
Consider the transformerless UPS circuit
dVC2 _ shown in Figure 1. Assuming similar switching

14t Ty _'0(1_d 2) —id, (2¢) frequency for both converter and inverter circuits,
let T be the switching period. Assuming a constant
and high switching frequendy(1/T) the duty cycle

Lo?j—lf: dVe, —(1=d,) Ve, = yig— v,(Zd) d; and ¢ can be determined by the volt-second
d balance across the inductorsadnd Ly respectively
Cod—v'=io—i. (2¢) as given by
t e
V=i =vg —d (Vg + v,) (52)
2.1 Small Signal Model v i =d, (v, + V)~V (5b)

For small perturbations in the variables
around their nominal values, a linearised smauurrent
signal model is formed so as to facilitate th%
controller design.

As per control objective, the inductor
§ should be made proportional to the input
oltage v for unity power factor and the output
inductor current should be sinusoidal with its

Let, dl =D+ al, d2 =D, + az, frequency equal to the output voltage but need not
~ ~ be in phase with it.
Vei = Vet Ve, Vg, =V, + Ve, Theni =K (Vmisinwt) (6a)
. ~ ~ _ and § =K, VposSin (ot + @) (6b)
ls=TsHls I =ToFle, Vi =Y +q _ Where K,K, andg, are constants.
Where D, Dy, Ve, Vea Is Voare the nominal Let us consider three integral based control
- 4 3 A loops one each for regulatingyyve, and
values of the variable€l:, d ., @m : ch gy, resp ; guiatingvcz and v
) pectively as shown in figure 3. Thengy Ve,
Vi are the small perturbations in the correspondingind v of equations (5a) and (Sb) can be replaced by
variables and 4l d;, Vi, Vea, s, o, Vo are the corresponding controller outputsny Vi and Vg
respective instantaneous values. respectively for each switching cycle in steady
~ state.
dis _~ - ~ ~ A . . .
LLFIt:Vi —I'Sps"'dlvcz+D1VC2_(1—D1)VC1+ div, (3a) Equations (5a) and (5b) can be rewritten as given

by 7a and 7b with;veplaced in terms of i

Clchl :_pdc_poDz_|0g2+(1_D1)i:_|5@1 (Sb) B 1
@ Is| — 15 :Vn‘l_dl(vnl+vn12) (7a)
Kl
d : S ~ - .
: ;’:2 =-lee=Djs— I, d1-lo@-0)+1,d: (3C) ~Tilo =V (Vg Vi) TV, (7b)
The variables dand d can be solved from the
s A R . . equations (7a) and (7b)
Lo% =D,Vc1+V,,d2 = (1= D,)Ve2+V,, d2— Lio—W (3d)
Coﬂ :?0 —l (3e)
dt R,
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visingt \( 1 Vi oy
Vg — —_— I'S controller
d, = 5 K (8a)
Vi, + Vin2 Reset
) Tntegral inte grator
based
T controller

d. = rdKZVOSin(wot+¢O)+Vm3+vm2 (8b)
’ le+Vm2
Equation 8b shows that the dc Ioop""L.@_ biegal |
control commands Vm1l and Vm2 influence the el
duty cycle of the inverter switches for maintaining

sinusoidal inductor currents. Figure3. Block diagram of the control scheme
Solving of (8a) & (8b) requires an estimate

of K1, K2 and ¢o. An alternate solution is to A I — N .

generate the switching pulse using a carrier base ]\\ \ \ \ I\ \.\ |

approach [4, 9]. Let },and Vo, represent the right | \ \ \ \ \
hand side of equations 7a & 7b with dnd @ \ \ \
replaced by t/T. Then

de control voltage

Veor(t) = Vi = (Ve Vg UT ;0 <t<T  (9a) \ V[

5

|

r

|

|

|

|

|

|
;

|

Veor () = VgtV = (Vm#Vet/T; 0 < t < T e : — =
(gb) Time in seconds
It can be easily deduced from 9a and 9b
that, Vcoi(t) is equal to V,; in the beginning of
any interval T (t=0) and will be equal to iVat the

end of the interval.¥o(t) equals; (i—r yat the
s\ s

1
instant t = QT as in equation (7a). Thus switching
instant of inverter can be determined by comparing
the input current. 1 with Vcoy (1) using a
IS(E_rS) | |
comparator as shown in Figure 3. SimilarlyzoY | ‘
(t) is equal to =WV 3 in the beginning of any - - " e i s
interval T and will be equal to M — Vs at the end
of the interval. \.o, (t) equals 4ig at end of BT as
shown in (7b). Thus the switching instant o4 CONTROLLER DESIGN OF AC/DC
inverter can be determined by comparing the ac VOLTAGE REGULATION
filter inductor current 4ip with Vcop (t) with the
help of a comparator as shown in Figure 3.
This completes the design of control A~ A _ A
scheme for sinusoidal inductor currents. Th&/et= Ve2=Ve Voi = Ve, =V, Di=0.5, D=
voltage regulation loops are discussed in th8.5. The simplified transfer functions are given as

Inverter control voltage

Figure. 5. Control voltage Ve()

Considering the symmetry of the circuit
the following simplifications can be made

following sections. follows,
ry Ve
- SH|=-
ve(s) __ 1 L Il (10a)
al(s) Cl 52+£+ 0.5
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r are perfectly sinusoidal with unity power factat. |
(/C(s) Lok S+E (10D) is observed that the same (power factor being unity
~ == and the sinusoidal nature) is maintained over a&wid
do(9 g4 ls S+£ range of operating conditions
CL '
R (11) Table3:Parameters and Components of the Converter
\Aloﬂ = 2 f 10KHz
da(9 [52+[&crdc;+ Lﬂ]s{ Rt rdDLDCU . =oMz
LGR LGR L1 1mH
rs 0.2Q
A A C1 2200 pF
In the steady state, the effects &1 & d2 on Cc2 2200 uF
~ ~ Rdc 95Q
VeandYo are tabulated in table 2. Lo 1mH
Co 210 pF
Rac 80Q

Table 2: Variation ofVo(S) & Ve () with d.& d.

A

Ve Vo

LS
0 wrrbﬂf@“g@i” ﬂ

- : . el
I 2V_R E‘?glil:«% ' L%E —:w*:l_—ED-_
of's £%¢c Tac — t — 1

5 G R+ Ty . ﬁg— T

ac finfaln

Q)
|
o

Q)

)
o
(6)]

Figure.6.Circuit diagram of the controller

It can be observed from table 2 that the effect of
d> on V¢ is insignificant when compared to the

effect of di on Vcdue to the product
ofry, L andC, .This results in two decoupled

transfer functions as given by equations (10a) and
(11).

Simple  Proportional-integral  control
schemes can be employed for both the converter as
well as the inverter. The transfer function of the
controller is given by the equation (12).The
proportional gain and the integral gain of the

controller are selected through root locus techaiqu 2007
K,S+K, o/
CE)=—— (12) Eos
S %é 50“
5. SMULATION AND EXPERIMENTAL 2E °
RESULTS 52
The UPS is designed with parameters shown in . . N i
table 3. The operational amplifier implementation
of control circuit is shown in figure 6. The Figure 8.Input voltage (Y& input current (i)
complete hardware setup is shown in figure
Figure 8 shows the input voltage and The rectifier output transient and steady

current waveforms in steady state. The wavefornistate voltage across the two dc link capacitors is

e
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shown in figure 9a.The voltages settle to any

Experimental results are shown in figures

desired value over a wide range of input voltagel,1a and 11b. Experimental results match with the
reference voltage and load current. It is posdible results obtained through simulation. Figures 1la-
further reduce the magnitude of ripple in steadyilc show the input voltage and input current

State

waveforms for varying converter parameters, input

- ‘ ‘ o voltage and reference. Input current is maintained
A A A sinusoidal and the power factor is near unity.
- N MMNMM OO ACACACACACA AL e . o
= M ’ TV Rectifier output is shown in figures 12a and 12b. |
~ R can be observed that rectifier has very low ripple.
. | The rectifier output reaches any set value.
2l
el = 5 Tgd T Fos: (L000s AWESFED
o }4 1 ~ Input voltage _astion
G oos 0 TIUIijIEINéZECOI\DJ%S 03 035 L : =
§ Format
. - AL o
Figure.9a. \4; & V¢, -'P\ EX F4 _-‘ﬁ\ L8 o
J &.-r'; Yo n.-"‘- f-— Images
e Select
Rectifier response for a step change of 200 Folder
volt (from 200 volt to 400 volt) in the dc referenc Save
. . . TEKDO34.EMP
is shown in figure 10b. It can be observed from o e
Figure 9b that Vcl and Vc2 have reached the set

voltage with a small overshoot and undershoot. ) ) )
Figure.11a.lnput voltage (Y& input current (i)

Tel Ny & Stop b Pas: 0.000s SAaVESREC
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Figure.9b. \¢; & V, for a step change in VVdc reference Figure 11 b. Input voltage (V& input current (i)

The output voltage and the output filter

current in steady state are shown in figure 10. The Tek .. ®@ste Uil 23 G S 3
Voltage and the current are sinusoidal. However the B
harmonic distortion in the output inductor current -
higher than the input . Format
About
200 a ISaving
N / o \ Mages
= W N (’/\\\ /\ [ /(\ /\\/ AN / \ o
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S | I L | el | Figure 11 c. Input voltage (/& input current (i
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Figure.10.Output voltage (V& output filter Current(p)
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6. CONCLUSION

3]

[4]

[5]

(6]

[7]

[8]

The dynamic equations describing the 9]
functioning of the UPS are presented .The contro[
schemes are derived from volt-second balance of

the input and output filter inductors. The reguati

of ac and dc voltages is presented using small

signal

models. The transient and steady sta
performances are simulated for wide range of lin

0]

and load variations. The switching pulses are
generated with simple comparators and integrators.
The performance of the controlled UPS is studied
in simulation as well as experimentation. The

method proposed in this paper

proper regulation of the ac and dc voltages.
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