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Abstract

The uninterruptible power supply (hereafter referred to as UPS) has become an
integral part of modern computer and communication systems. Various topologies have
come to the fore in recent times with the advent of high frequency switching techniques.
This project considers such a high frequency operated UPS system. It is modeled, and
simulated to provide insight and information for design studies. A framework for the
software simulation of a class of UPS is proposed in this document and its
implementation results are given. The simulation and the user interface software
structures and their implementations are also included. It is intended that the software
can be modified on a modular basis to enable the simulation of various topologies of UPS

that are in vogue and that may emerge in the future.
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List of Symbols

Components and Parameters

L.

1

Inductor at AC input.
Ly C; Inductor and capacitor used in LC filter in AC-DC stage.
Ly, R, Primary side inductance and resistance of the transformers.

L., Magnetizing inductance of the transformer.

m
L, R, Secondary side inductance and resistance of the transformers.
C, Battery model capacitance.
R Load for AC-DC stage simulation (in parallel with battery).
C Filter capacitor at output of transformer in DC-AC stage.
L, Load inductance in DC-AC stage.
C, Load capacitance in DC-AC stage.
R, Load resistance in DC-AC stage.
Voltage scale factor in feedback.
K, Current scale factor in feedback.
K,1,K;;  Constants for the voltage error PI block in both control blocks.
K»:K;; Constants for the current error PI block in the AC-DC control block.
p2  Scaler for current control command in DC-AC control block.
3 Scaler for voltage control command in DC-AC control block.
B PWM scaler in AC-DC control.
o PWM scaler in DC-AC control.

vqa Diode drop voltage used in rectifiers and inverters (set by the user).
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Signals

v, 1

ac’ “ac

Vi

Vgs 1f

Lt

AC input voltage and current.

Input voltage of rectifier at AC input in AC-DC stage.
Input voltage and current of LC filter in the AC-DC stage.
Current through the C in the LC filter in the AC-DC stage.

Input voltage to the inverter in the AC-DC stage.

Voltage of the battery, in between the AC-DC stage and DC-AC stage.

Input current to the inverter.

Input voltage and current of the transformers.
Voltage and current through L, .

Voltage and current at the output of the transformers.
Current through the battery.

Current through load R in the AC-DC simulation.

Current through the filter capacitor C in DC-AC stage.

Input and output current of the rectifier at load in the DC-AC stage.

Output voltage of the rectifier at the load in the DC-AC stage.
Current through the load capacitor C,.

Current through the load resistor R;.

Voltage at the load resistor R;.

Commanded battery voltage.

Fedback battery voltage.

Error in fedback voltage signal in both control blocks.
Calculated (expected) battery current fedback.

Actual fedback battery current.

Error in fedback current.
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v.*  Control signal for AC-DC stage.
v.*  Commanded output load voltage.
v, Fedback load voltage.
vy, Rectified and filtered vsl1.
v, Output of voltage PI block in DC-AC control.
v, Sinusoid modulated by v1.
i, Calculated load current fedback.
i,; Actual load current fedback.
vy Voltage control signal due to error in current fedback.
v*  Voltage control signal (sum of v3 and v1).

T1-T4 Inverter control switch signals.

Note:
- Those components and signals with a prime (') apostrophe mark have been
brought over to the primary side of the transformer from the secondary side.

- Initially, all signal have the value of zero except v,,, which the user sets.



CHAPTER 1

Introduction - The UPS

Various low power (less than 1 kVA) high frequency topologies for the
uninterruptable power supply (UPS) are reviewed in [1]. These topologies are of recent
origin and many are in the research stages. The key to successful realization of a new
UPS topology and system are software tools. Such software tools for the modeling,
simulation and analysis of UPS systems are rare. This work addresses such a need for an

important segment of the power electronics industry.

Charging stage (AC to DC) Output stage (DC to AC)

| AC-DC control

Figure 1. UPS Topology
Figure 1 shows the UPS system chosen for study. Since it has more than one or
two power stages, this would provide an ideal choice for developing a generalized but
modular software structure. Note that both at the front-end and at the output, high
frequency switching provides light weight isolation and achieves high quality output

waveform control. The charging stage is separately shown in figure 2 with all the



subsystem components such as filters, rectifier bridge, inverter, high frequency

transformer, battery, etc. The output stage is shown in figure 3 separately.

Lo ﬁ 7 Lpf L
V. A% Transformer Vi, —
(LC) dc Inverter | f o 1 (Cap) B —_—

T1-T4 —

Figure 2. Block diagram for AC to DC conversion
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Figure 3. Block diagram for DC to AC conversion

The description of the function of each of these blocks can be found in most
modern power or control texts and thus, will be omitted from this discussion.

This document is organized as follows. Chapter 2 gives the model derivation for
the UPS. The control configurations for both the charger and the output inverter are
given in chapter 3. A generalized but modular software structure for the simulation of the
UPS is presented in chapter 4. Implementation details of the software are given in
chapters 5 and 6. Chapter 7 describes the test simulation results. Chapter 8 contains the

conclusions of the study.



The block diagrams of the AC to DC and DC to AC conversion stages shown in
figures 2 and 3, are used to develop the circuit models of various standard components
and are shown in figures 4 and 5, respectively. The subsystem models are given below.
A slightly modified schematic of the AC-DC stage as implemented in the simulation

software is given in figure 6. Also, the DC-AC stage with a more realistic load is in

figure 7.
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CHAPTER 2

Model Derivation
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Figure 4. Circuit model for AC to DC conversion
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Figure 6. AC-DC stage model for simulation.
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Figure 7. DC-AC stage model with rectified load for simulation.

2.1 Inverters

The inverter switches are modeled as ideal in terms of their switching
characteristics. However, the voltage drop during (reverse current) conduction is
accounted for. The input-output relationship of the inverter depends on the switching
gate drive signals and the polarity of the currents in the load. A complete input-output
relationship is given in Table 1.

This table is converted to a conditional structure in software. Subconditions to
account for the diode drop (v4¢) during reverse current flow are also included in the table.
The inverters in both stages share the conditional construct, only the variables are
different.The input parameters are the switch control signals (T1, T2, T3, and T4), the
input voltage v, (vy. for AC-DC stage, v, for DC-AC stage), and the current i,. The
output is voltage v, and current load to the input block (ij,y). This allows the simulation

software to 'disconnect' the inverter in case the diode drop condition is not satisfied.



Table 1. Inverter input-output relationship

Switch state Input Output
T1 T2 T3 _Ti iy Vin Y% finv
ON ON | OFF | OFF >=0 --- Vin iy
<0 >0 Vm 0
<-2V4q Vint2Vad 1,
>=-2V4q Vm 0
OFF | OFF ON ON <0 --- -Vin -ip
>=() >0 Vin 0
<-2vy4 ~Vin ~2V4q -ip
>= -2V44 Vin 0
OFF | OFF | OFF | OFF --- >=() Vi 0
>=() <-2Vyq “Vin -2V4d -1,
>=2V44 Vi 0
<0 <-2Vy4 “Vin -2V44 ip
>=-2V4q4 Vi 0

2.2 Transformers
Figures 4 and 5 (and 6 and 7) show the equivalent circuits for the transformers.
The following equations describe the operation.

The two loop equations are:

R +Llp%:+Lm %— v, 1
and
Ri +L, di, -L dl——-—v'1 )
*dt dt
and the node equation,
i, =1, +i, 3)



2.3 Rectifiers
The rectifier bridges are modeled as absolute value circuits and their operation can

be described by the following equations.
The battery voltage in AC to DC conversion stage is given by,

if |v|>2: vy, then vy =|v,|—2-vg, else v, disconnected. 4
and the DC input voltage to the inverter is

if |v;|>2-vy, then vy =|v|-2-v,, else v, disconnected. (5)
where vy, is the diode drop, v; is output of the transformer, and v; is the input of the
rectifier at the AC side of the stage. Note that the voltages used in the comparisons are

not brought to the primary side. A similar equation is used for the load in figure 7.

2.4 Filters
The filters are modeled by their differential form and are added to the rest of the

equations to obtain the system equations. The LC filter in the AC to DC stage is

described by,
di
v,=L,—Lt+v 6
d f dt dc ( )
and
dv, .
i,=C, df +1,,, (7)

where i, and v, are the input current and voltage, and i, , and v, are the output current
and voltage.
The following three equations describe the load and capacitor in the DC to AC
circuit of figure 7:
g e L dv,
i, =1 —111=Cd—t1 (8)

< C



R ©)
- di ‘ :
L—2=v,-v 10
1 dt 2 s ( )

2.5 Battery

The battery is modeled simply as a capacitor for overall system evaluation. This
simple model is used to illustrate the charging and discharging characteristics without
dealing with the complications of deriving a more complete model. As the results show,
this model is sufficient for this simulation software.

The equation is,
dv,

b (11)

i, =
It should be noted that this equation holds true when primed (ie.v,'") variables are used.
The capacitor C' in parallel with the battery is combined with the battery capacitance to
simplify the equations.
For AC-DC stage simulation, a slightly different schematic is used to provide a
load to the stage for testing purposes. This configuration is shown in figure 6.

This introduces a new equation for the loop including the battery and the resistor as

shown below.

v, =R-i, (12)

2.6 Combined Equations

To make the model easier to simulate, the transformers of both stages are
combined with the circuits at their outputs. That is, in the AC-DC stage, the equations for
the transformer are combined with the equations for the rectifer (and eventually the

capacitive model of the battery).



At the input of the AC to DC stage, a conditional set of equations is created to
include the inductor L, as part of the filter with different rectifier states (on, off). For
example, if the rectifier's output is non-zero then L, and L, are in series and the sum L, +
L; is used instead of L in equations 6 and 7. If however, the output of the rectifier is
zero (i.e. the input voltage is not greater than 2v,, ) then the filter and hence, the rest of
the circuit is disconnected from the AC input.

At the output of the AC to DC conversion stage, equation 4 is combined (software) with
(13)

So, for AC to DC stage, equations 1 through 7, 11 through 13 describe the analog part of

i, +1, =i,

the circuit. In the case of the DC to AC conversion stage, equations | through 3 and 8
through 10 describe the analog circuit. The switches in the inverter can be considered

"pseudo-digital” for simplicity, ie., either on or off.



CHAPTER 3

Control Configuration and Algorithms

The feedback control circuits for both power stages are given in figures 8 and 9.
Notice the triangular signals for the two circuits. For the AC to DC stage, it is from zero
to maximum, while for the DC to AC circuit, it is from negative maximum to positive
maximum. Both are of the same frequency in this simulator, however, they can easily be
made different by modifying the parameters file. A constant voltage is compared with the
feedback in each circuit. The following sections describe the control circuits. The

derivation of the circuits can be found in the references.

3.1 ACto DC

The AC to DC control circuit is given in figure 8. The commanded battery voltage,
vp* is compared with the feedback from the battery and this error signal is passed through

a PI block with a limiter. This signal is now compared with the feedback current signal

. . T1, 12
|V ><Ver 1p* Xler Ve
h + >
)= =Y = ,——»>—>/
Vi i b1 Kig B 13, 14
e - T
K K
’|\ ¢
Vi ip

Figure 8. Control circuit for AC to DC conversion



for current limiting and a similar action is performed with the error signal. The emerging
control signal is converted to a pulse width modulated (PWM) signal via a comparator

and every alternate pulse is passed to T1,T2 and T3,T4 inverter switch gate drives.

3.2DCto AC

The DC to AC control circuit in figure 9 is considered from [2]. The operation is
as follows. The feedback voltage is compared to commanded (required) voltage and the
error is amplified through a PI block with a limiter. This signal, v, is modulated by a
sinusoid (60Hz) to give v, and compared to the feedback signal from the load, v_. Next, it
is scaled and added to the difference between the product of v, and a cosinusoid,
representing the current feedback from the filter capacitor. The cosine term is used to
cancel the effect of the filter current. The resulting sum is scaled and added to v, to give
the command signal for the inverter inputs. Here, the scaled battery voltage is compared

to v* for the inverter signals.

sine )
cosine
X
[s¥| Ver Vo 14 v
3
C v; >< rQ’é_( KPQ +i Kp3 +>+< X
Kp1 3 y 3
Ki1 ‘ ict
Va7 v le —> Ke
s
N ?
T3, T4 +(—<:ﬂ<—'
Ky (_<~.~
) T4, 12 <
Vs

Ha — X Je—ovh

Figure 9. Control circuit for DC to AC conversion
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In the proportional-integral (PI) blocks, Simpson's rule for integration is utilized
for speed of computation. For example, for PI block with v, as input, the implementation
would look like the following:

Ver int = Ver int T Ve /dt
Vout = Ko FVer T Kil*Vcr_int
Here dt is the time for each iteration, and Ver int is the running integral of v.,. A model

similar to that described in section 2.3 is used here for the rectifier as well.

11



CHAPTER 4

Software Description

The software is broken in to two separate sections-- the simulation engine, and the

user interface (UI) as illustrated in figure 10. The simulation engine is the main focus of

the first subsection. The user interface is developed after the simulation module is

completely coded. The edges indicate the flow of the information. The two modules are

shown as the two large boxes. The hooks are represented by small rectangles, as are the

data structures since both hooks and data structures allow information sharing. Hooks

will be explained in Chapter 6. Both, parameter (prm) and output files are indicated by

the drums. The two 'screens' are mutually exclusive, that is, only one can be used in any

given execution. The figure shows the relationship of the two modules with each other

and all the other entities

such as files and the user.

Ul code

Ul screen

Read!Write prm files

—ISim. in win. hookh

command
line screen

Data

Structures

view fig. hook

Simulation
code

prm file

—

output file

\[ view output hook

Figure 10. Software flow.
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4.1Simulation Engine
The simulation code is further divided in to six separate sections as shown in

figure 11.

| Simulation Engine |

Initializati simulation Devices| | Control Devices| | Control
nitalzation | | parameters | |(pc-ag)| ] (DC-AC)| |(ACDC)[](ACDC)

aa -

Figure 11. Simulation Engine structure diagram

The arrow at the bottom indicates the order of occurrence in the simulation (i.e.
from left to right). The loop around the edges means that those submodules are executed
repeatedly. The dotted edges connecting the submodules indicate an existence of an
interface between the two modules. From this, a flow chart (figure 12) can be easily
derived.

Next, each of the elements in the flow chart are implemented in code. First, for
each simulation module, a data structure is constructed, which consist of two subdivisions
- parameters that are fixed throughout the simulation and variables (signals) that are
dynamic. Also, for each of the "dotted" edges in the structure chart, a data structure is
constructed to act as an interface between the two submodules. Following the derivation
of the data structures, each of the submodules can easily be converted to code. In some

cases, the interface structure and code is combined with that of one of the modules.

13
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Update
Simulation

variables

Simulate

DC-AC
power stage

|}
Simulate

DC-AC
control algorithm

Simulate
ACDC
power stage
L
Simulate
ACDC
control algorithm

Figure 12. Simulation Engine high level flow chart.

4.2 User Interface

A decision was made to allow the users to execute the simulation without being in
the user interface(UI) when a series of simulations were required. This would allow the
user to create all the parameter files first and then write a batch file to execute the
command line version of the simulator for each parameter file. The user's presence is not

necessary after starting the batch process.

14



This decision also forced the implementation of the simulation code to be written
completely independent of the user interface code. Some requirements were established,
so the interaction between the two large modules could easily be accomplished.

The first requirement was that all the output that the command line version
produces for the screen (messages, etc..) must be done using a special procedure. This
procedure can then be made to print to the window in the UI. This procedure is the "hook’
discussed in section 6.4.

Second, all the parameter file i/o is to be located in the command line code, so any
other module (UI) can access the same routines that the simulator itself uses to read-in
(write) parameter files. However, for this to be transparent, the Ul also needs to see the
same data structures that the simulator uses. A simple solution is implemented. That is
the entire code for the command line simulator is put in an include file and is included in
the Ul. This allows the Ul to use data structures and routines from the simulator. The
main program from the simulator is conditionally compiled depending on whether the Ul
is used or not.

The interface itself has to be straight-forward and user-friendly. The standard and
methodic menus are required to allow the user to navigate easily in this environment.
Some quick keys are to be implemented such as exit (Alt-X) to allow the user to quickly
perform the action.

An additional hook is provided to view the output of the simulator using an in-
house viewing software. However, this software has its own requirements. First, only
eight signals can be viewed, so only eight signals should be selected in monitor menus.
Next, in each line a maximum of five numbers can exist. This means that for eight
signals, the first line will have five and the second line will have four (the very first value

for each iteration is the time in simulation) variable values. Lastly, the output file should

15



not have more than 1600 points (due to the memory requirements for the viewing

software). These are taken care of in the implementation.

16



CHAPTER 5

Implementation of Software - Simulation Engine

This section contains the description of various coding and conversion steps that
finally result in a simulation loop. Use is made of C language and structured
programming with Borland C [4]. Actual implementations are explained with code

samples.

5.1 Data Structures

The first step in coding was to create data structures for all the submodules shown
in figure 11. There are six main data structures, four for the submodules, and two for the
horizontal edges between device and control block. The curved dotted edge between the
two device blocks is the battery status, which is made a part of both the device blocks.

The four large structures are similar in implementation. That is, each is a C
language structure (record) with a floating point field for each of its various signals and
parameters. The two connection structures are basically the control signals for the
inverters and thus are identical except for the names. They are also implemented using
records with four fields for T1, T2, T3 and T4. Also all the other global variables such as

time and sinewave are declared. More can be declared later as the need arises.

17



5.2 Special Routines

The next step is to code all the necessary math and wave generator routines. Most
required routines are provided in standard C libraries. However, for solving differential
equations (in state equation format) a Runge-Kutta 4th (RK4) order routine is
implemented. The routine needs to take in the number of state equations and the
locations (arrays) where the values are stored. The arrays are passed as pointers to
floating point numbers. One other vital information the RK4 routine needs is how to
compute the derivatives of the state variables. Instead of encoding this information
directly in the RK4 routine, a pointer to the function which takes as input the arrays and
computes the derivatives is passed to the RK4 routine. The syntax for the RK4 and the

derivative (called Prime) functions declaration is as follows:

void RK4(  void (*Prime)(float *X, float *XPrime),

int NumEqn,
float *X,
float *XOld)
{
}

void Primel(float *X, float *XP)
{

18



























