ANALYSIS OF THREE-ARM PWM UPS
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ABSTRACT - A three-arm PWM UPS is realizable
low price and small size UPS. In this UPS configuration,
the center arm operates in both PWM converter mode
and PWM inverter mode. Therefore, the operation of
this UPS differs from the comventional UPS. In this
paper, the three-arm PWM UPS is analyzed and a trial
product is realized.

I . INTRODUCTION

As uninterruptible power supply (UPS) systems are
used to critical loads including computers and network
servers, a demand for UPS of a few kVA rating is
recently increasing. For the UPS, miniaturization, low
price, and commumication function for computers are
required. ‘

For that, it is necessary for UPS the power circuit with
high frequency switching, minimized parts numbers and
computerizd control circuit. Then we propose all arms of
conventional Three-arm Inverter/Converter!!?! operate
high frequency PWM, and the wave-form controllers
consist of analog and digital control them. This UPS is
called three - arm PWM UPS.

1. OPERATION ANALYSIS

In this section, analysis of operation is discribed to
realize the three-arm PWM UPS. The load of the three-
arm PWM UPS is assumed as a  current source i, to
keep generality. The IGBT’s of each arm in Fig. 1 are
turned on or turned off alternately. Therefore, the circuit
operation is divided into 8 states in Fig, 2.

The gate signals of IGBT are generated by means of
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Fig.1 Power arcuit of 3 arms PWM UPS

comparing the gate control signal u, u, and «, with
triangle-wave carrier as shown in Fig. 3. u,, 4, and o
mean the gate control signals of Arm 1, Arm 2, and Arm
3. The amplitude relationship of u, ., and x; are divided
into 6 modes in Fig. 3. The duty ratio d, (kis r, ¢ and i)
of IGBT §, is

dk=%'(1+uk)‘ s een(1)

The state space averaging equations of each mode are
derived using d,, then these equations are all the same, it

s
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bfrie 070 of, w=lo 0 ¢ -1ic,F
X is averaging the state vector x.

. "By the way, (2) is divided into two state averaging
equations of PWM converter and PWM Inverter by state

- space vectors of these, they are, * -

—~—LzAX +be +wi (31

dr o rtr N r_l. - ( )
T L AR ey +wi Prereee(32)

di i :- D itQ ( )
where, '

0 -(d,-d.)/L,.
A =
’ [(d,_—d)/CD 0 J
A;—[ 0 —1/L,}
1/C, 0
b, = [I/Lc O]T » by = [(di _dc)/LI O]T

w20 =l -d)1Co T w, -, ~1/C, T

Formulae (3.1) and (3.2) -are the state space averaging
-equations of PWM converter. and that of PWM Iuverter.
From these equations, it will be concluded that ‘Arm. 1
and Arm 2 constitute a PWM converter, and that Arm 2
and Arm 3 constitute a PWM inverter. As to PWM
converter, the load is usually assumed as a resistance
when PWM converter is analyzed alone, but load of
PWM converter in the three-arm PWM UPS is PWM
inverter. Therefore, it is found that the duty ratio of Arm
3 d, has influence on the operation of PWM converter

from third term Wi, of right side in (3.1). And as to

PWM inverter, the DC voltage Ej, is usually assumed as
a voltage source when PWM inverter is analyzed alone,
but the DC Voltage ¢, of the three-arm PWM UPS is
generated from PWM converter. These are common for
all UPS’s, not only for three arm circuit.

Therefore, to design of PWM converter and PWM
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mmverter in UPS, it is necessary that PWM converter
connected PWM inverter is analyzed and that e, is made
no effect of the PWM inverter operation.

The static characteristic of e, will be derived. The
following assumption is used for the analysis. Now, the
variables with hat are henceforth expressed without hat.

* The loss of the power circuit is ignored.
* The input current i; and the output voltage e, are
controlled as

i =1;sinwt and e, =E,sincwt -+ e (4)
which are synchronized with input voltage e,
(=E;sinwt)
The load of the PWM inverter is assumed a linear load
as
ip =1, sin{wr - ¢) Coneann(3)
From (3.2), (4), and (5),
d—d - ﬁ— w?L,C, )EO sinor + wl I, cos(wr — ¢)

H 4

¢p
“aaea ...(6_1)

i =1, sin(a)t—¢)+a)C,EO coswt  treeen(6.2)
are derived, From (3.1) and (6.2),

d -d = E;sinwt — wl -1, cos we 7Y

€D
d K, .

ep ;f’ = CD"’ sin(2wr + ) Teeee(7.2)

where,

k, =%{EOIO(I—ZwZL,C,)sinq‘J-cuC,Eé(l—sz,C,)
—wL,[é cos 2¢ — ch[‘-z}
ky =l 1o (I, sing - wC,E, )cos ¢

K.:

iy = ko kg’
Q= tan_l(kﬁ /ka)

are derived. Considering the DC voltage component in
ep is Ep, (7.2) is solved as

K.
eg =Eg - a)(?p Cos(Zwt_‘;o) e ....(8)

D

Here, Cp is determined by Ep>>K, | wC),, because

ripple voltage is small value. Therefore, the approximate
equation of e, is obtained as

je—-—cos(ZaJt —(P) serene(9)

=E —
DR T oaC By

L, , C, and L of the single phase UPS rating a few kVA
arc from 100 to 150 4¢. And if e, is RMS 100V, E,, will
be set to nearly 200V. Therefore, the amplitude of the
ripple voltage (ep,;,) of ep, E ., is given approximately
Eprip = K"'P = EO[O sin ¢
2wCLE, 2w0CLE,

E ..-.(10)

From (10), when C, is large capacitance, (6.1) and (7.1)
become the following equations.

L-w’L;C; )E, sinawt + al I, cos(wt - ¢)
d —d = 2] 0 /
13 c ED

....-..(11_1)

d —d - E;sinawr ~ wl. .1, cosmt
Lp

e ....(11_2)

Well, we examine the design method of d. It becomes
clear that d.- have an effect on the wave form control of i,
and e, from (11.1) and (11.2). Considering to make
simple control system, d. may be unrelated to the
control of them. Therefore, d,. is decided as

d, =l(1“ 2E,, sinwt)

2 ED .-.....(12)

Where, £, 15 copstant.

The summary of the analytical results is shown below.
PWM converter is composed of Arm 1 and 2 and PWM
inverter is composed of Arm 2 and 3. When e, is
regarded as DC voltage source, PWM converter can be
controlled only by Arm 1 and PWM inverter can be
controlled only by Arm3.

[ll. OPERATION CONTROLLER

The operation controller of a UPS consists of the
system controller which controls system operation, and
the wave form controller which adjusts the wave form of
output voltage, and so on. Generally, system control is
performed by a micro computer. Further, in most case, a
micro processor (MPU) is used for the wave form
control also, for changing the set voltage easily, for

monitoring operation state, and for improving the
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reliability due to integrated circuits.

The wave form controller of a UPS is required to
control the input power factor, the DC voltage, the
battery voltage drooping, the synchronization and the
output voltage. The battery voltage drooping controller
controls the battery charging current under the permitted
value. The Output controller consists of the average
value and the instagtaneous value controllers. The
average value controller controls the RMS value of ¢,
and the instantaneous value controller comrects its wave
form.

In case of realizing a precise the wave form control, a
digital signal processor (DSP) is usually used for its
excellent calculation ability. But, the DSP wave form
controller is much more expensive than the analog
circuit wave form controller,

So, considering the response frequency of controller,
we determined that the quick response controller should
be realized by analog circuit, while the slow response
controller should be realized by MPU. This cornbination,
analog circuits and MPU, reduces the cost without
expensive DSP and the performance is as excellent as
DSP. The control block diagram is shown in Fig. 4.
Accordingly, the input power factor controller and the
instantaneous value controller should be analog circuit.
The digital controller is realized by a program of MPU.
The digital control algorithm is obtained by dispersing
the mathematical controller models which are designed

using Laplace transformation.

IV. DC VOLTAGE CONTROLLER

Except DC voltage control, the controller designed
just like a single PWM converter and a single PWM

inverter as stated these controller in section IV. As to
PWM converter, the load is resistance when PWM
converter is analyzed alone, but load of PWM converter
in the three-arm PWM UPS is PWM inventer. Therefore,
DC voltage controller is different. In this section, DC
voltage controller of the three-arm PWM UPS is
analyzed.
From (3.1), the differential equation of ey, is obtained
as
D ii‘e','l")“ = (d *dc)i- - (d' “dc)iL
dt " b
In case that L, , C,, and L are from 100 to 1504z, the
conditions are given the following: 1>>@L,C, E >> @
L, and E>>wL.l,. And the output voltage contoller

controls E; = E,,. Therefore, we can obtain,

s ....(13)

E, sinat

dr_dC"_'dx_dC= ""(14.1)

€D

i =g c++(14.2)
(14.1) and (14.2) are substituted for (13), it is obtained

D _ff% = E%m_t(ii - io)

- ....(15)

To ey can be regarded as DC voltage source, Cp is
usually selected to a large value. The response frequency
of e}, i5 lower than the frequency of commercial source.
When the right side of (13) is approximated to DC
component and the low frequency response is
igvestigated, we obtain,

dep _ E, I, - 1 W,

dt  2CHE, CpEp

vas ....(‘16)

Where W, is the output power. Therefore, the plant

model of e, 15,
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. . a“a ...(17)

_ ep(s)=Pp(s)1; (S)_-DD(J)WO‘(S) ‘

whcr‘c,’ | - \
;PD(S)=a/s DD(5)=ﬁ/s

.-Eol | K

ron

“T2C,E,
The second term of right side of (17) is a disturbance.
When the effect of a disturbance is clear, the feedfowerd
control'® is effective. W, is calculated using a multiplier
and a integrater realized analog circuits or a fast signal
processing unit realized digital circuits. But a multiplier,
a integrater and a fast signal processing umit are
expensive, Therefore, DC voltage controller is realized
in Fig. 5 without the feedfowerd control. In this figure,
Ky is a gain, E,,+is a DC voltage reference and fy(s) is a
filter as

1

- ceeennef|R
L+ s/wp, (13

fo (5 )
And Bang is the Bang-Bang compensator. The Bang-
Bang compensator has no effect on the stability of it,
because the response frequency of the Bang-Bang
compensator is set up much lower than f,(5). The detail
of the Bang-Bang compensator is described later.
From Fig. 5, ey is
- (+siwy oK, Epy - Bw,) +(19)

S(1+s/wa)+aKD

€p

A denominator of (19) is a quadratic equation of s and
all coefficients of its are positive. Therefore, the system
is stable. From (19), the steady-state error AE, is
obtained as
AE, = 2
KpEo

WO .......(20)

If Kp increases value, AE, decreases from (20). But K},
can not be made a large value, because the conpensator
is realized by a 16 bit integer MPU.

So, the Bang-Bang compensator is used for

! fn(s)[\

Fig 5 DC Voltage controller

minimization of AE;, . The- processing of Bang is
described as follows: First step i$ the filtering process us.
Second’ step- is determination of the® output y,. If u,
polarity after first process is positive, y; is (V5 — A). If u
polarity after first process is negative, y, is-(yz + A). Als
like a gain of Bang-Bang compensator. This process is a
suspected integration. Therefore, AEpis zero.

V. THREE-ARM PWM UPS REALIZATION

Based on the study in sectionIl, Il and IV, a three-
arm PWM UPS is manufactured for ftrial. The
specification of the trial product is as follows: input and
output voltages 100[Vrms], DC Voltage £,=218[V] and
output capacity W,=5[kW]. The trial product is operated
by single MPU which controls the system and monitors
operating state, and operates a part for the mentioned
wave control. The specification of the MPU is one chip
micro computer for motor drive, integrated 16bit, and 16
megahertz operating frequency. The circuit parameters
are Lyand L,=120[ £ H], (720.4[mF], and C=60[ L F].
The DC control parameters are K,=4 and Wpr= 189
[rad/s]. The performance wave forms are shown in Fig.6.
As the result for the examination of the trial product, it
was found that a three-arm PWM UPS is realized.

VI. CONCLUSIONS

In this paper, the three-arm PWM UPS is apalyzed
and a trial product is realized, and it was found that the
trial produci UPS achieved basic performance. And
attention paid for the fact that the operation models of
PWM inverter and PWM converter of UPS are different
from a single PWM inve rter and a single PWM
converter

As the future theme, the UPS performance in case of
rapid change of the

Input frequency must be

investigated.
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