ANALYSIS AND SIMULATION OF DYNAMICS OF SPACECRAFT
POWER SYSTEMS
by

Jac Ryong Lec

Dissertation submitted to the Faculty of the
Virginia Polytcchnic Institute and State University
in partial fulfillment of the requircments for the degree of
Doctor of Philosophy
in

Electrical Enginccring

APPROVED:
ero H—.'Cho, (‘_Zro-c'h"airman ) Fred €. Lee, Co-chairman
— #Saifur Rahman Kwa S. Tam

Lee W. Johnson

November 14, 1988

Blacksburg, Virginia



C5¢ 2Jz2fgs

ANALYSIS AND SIMULATION OF DYNAMICS OF SPACECRAFT
POWER SYSTEMS
by
Jae Ryong Lee
Bo H. Cho, Co-chairman Fred C. Lec, Co-chairman
Electrical Engineering
(ABSTRACT)

Comprehensive analyses, including dc, small-signal and large-signal ana-
lyses, of the dynamics of various spaceccraft power systems are performed.
Systems’ dynamics are analyzed for various operating modes, such as the
shunt, battery-charge and battery-discharge modes, as well as the transition
mode. Computer models using the EASYS program arc developed for the
Direct Encrgy Transfer (DET) system, solar array switching system and
partial shunt system to facilitate design, analysis and performance verifi-
cation.

Large-signal analyses are performed to identify stability conditions and
to predict large-signal dynamic behavior for each mode of operation. The
equivalent source and load characteristics of a solar array power system
with a constant-power load, shunt regulator, battery charger and discharger,
are identified to predict large-signal dynamic bchavior. Employing the
equivalent source and load, the state trajectories of shunt failure, battery
discharger failure and solar array/battery lockup are predicted and verified
through time-domain simulations.

Small-signal analyses of the DET system are performed for the three
modes of operation. The system loop gain is defined. Design guidelines
for the feedback control loop of the shunt regulator, battery charger and

discharger are developed to shape the system loop gain for the optimum

bus dynamic performance and stability of the system. Designed subsystems



are simulated both in frequency-domain and timec-domain to verify the
design concept.

Various spacecraft power systems, such as solar array switching systems,
a partial shunt system, a peak power tracking system and thc COBE
(Cosmic Background Explorer) power system are analyzed and simulated.
Design guidelines of the power conditioning equipment for cach system

are provided.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The continuous growth in sizc and complexity of spacccraft power
systems coupled with an increasc in payload sensitivity to bus dynamics
has focused attention on developing morc cfficient and rcliable power
processing systems. One of the important factors to determinc the effi-
ciency, reliability, size and weight, is thc heat generated from power dis-
sipation in the system. To improve the cfficiency and minimize the heat
generation in the spacecraft power system, the solar array switching system,
partial shunt system and pcak power tracking system have been widely
used among existing and currently devcloping systems.  The power con-
ditioning equipment, which balances the power between the source and
payloads, also employs morc efficient and rcliable power processing circuits
such as a pulse-width-modulated (PWM) shunt, sequential shunt, and
switching converters for the battery charging and discharging circuits.

As the components and subsystem arc interconnected to configure a
complex system, many undesired interactions that exist among highly-
nonlinear components become a scvere problem. Even though the behavior
of individual components may be well understood and documented, there

has been a major deficiency in thc ability to perform integrated-system
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lcvel analysis, design and performance cvaluation.  Thus, the need of a
comprehensive power system model that can cffectively predict a system’s
local and global behavior is most critical to facilitate the analysis, design

and performance evaluation for present and future spacccraft power systems.

To facilitate both the frequency-domain and time-domain simulation of
the large-scale power system, a comprchensive modeling technique using
the EASYS program [1] was recently developed in [2].  Since this modeling
technique utilizes a modular approach using a two-port coupling method,
models are flexible, sufficiently accurate. verifiable and computationally
cfficient. The following models were generated in the previous study: solar

array, lincar shunt rcgulator, battery discharger and switching regulators.

A large-signal analysis is necded to investigate the stability and large-
signal dynamic behavior of the system’s main bus. In Ref. 2, a large-
signal analysis was performed to study the state trajectory of the solar
array power system with a constant-power load. The stability of cach
cquilibrium point on the solar array |-V curve was analyzed using the
cigenvalues of the simplified second-order system. Three different operating
regions on the solar array I-V curve werc identified.

For the stability concern of the solar array power system, previous
research has shown that the current source region on the solar array’s
I-V curve is unstable when the solar array has a constant-power load.
The current source region of the solar array’s output voltage, however, is
chosen as the regulation voltage of the main bus in many recent spacecraft
power systems using the regulated bus. Since the solar array system with

a constant-power load in the current source rcgion becomes an open-loop

unstable system, it is important to understand how the bus regulators, such

2
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as the shunt regulator and battery discharger, stabilize the main bus of

the system.

To avoid subsystem interaction and to optimize the dynamics of the
system bus, such as dc regulation, stability and bus impedance, a design
approach for the main bus shunt regulator was introduced [4].

Although secveral papers have presented design methods for the battery
charger and discharger, they dcal with the performance of the charger or
discharger itsclf without considering the system’s dynamic performance,
when the equipment is connected to the bus.  For instance, the battery
discharger is often designed with the assumption that its load is resistive,
cven though the load characteristic is complex when the discharger is
connccted to the bus. Since the battery-charger functions as a bus regu-
lator only during a certain transient period, little attention has been given
to this mode of operation. In order to cnsurc good dynamic performance
for a complete orbit cycle, however, it is cssential to properly design the
charger’s control loop by considering the dynamics of the system, as well
as the charger itself.

Since design verification through an intcgrated system’s hardware testing
is expensive or often impossible, timc-domain simulations are essential to
cvaluate the performance of systems. In order to simulate the entire
system in various modes of operation, nccessary components and subsystem

models should be developed.

1.2 Objective and Outline of Chapters

The objective of this dissertation is to perform comprehensive dynamic
analyses for various spacecraft power systems to provide design guidelines

for the optimum dynamic performance and stability of the systems.
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Specific goals of this study are:

All the neccessary componcnt models and subsystem models for the
direct energy transfer (DET) system, solar array switching system and
partial shunt system, are developed to perform the dc, small-signal ac
and large-signal analyses, and dcsign verification through time-domain

simulations.

The large-signal analyses include identification of stability regions and
prediction of large-signal transicnt bchavior, such as a failure mode

and solar array/battery lockup.

The small-signal analyses include optimization of thc bus impedance
and stability margin, and decsign of fcedback compensators for the

power conditioning equipment.

The proposed system configuration and design concepts are analyzed
through frequency-domain simulations for small-signal dynamics, such
as stability margins and bus impedance, and time-domain simulations

for steady state and transient responscs.

In Chapter 2, new component modcls, such as a battery model, battery

charger model, sequential shunt regulator, ctc., which are essential for the

spacecraft power system modecling, arc developed to simulate a complete

power system. The previous modcls [2] are also improved to provide ad-

ditional flexibility and accuracy. The performance of ecach component

model is verified through simulations. Other component models, such as

the solar array switching unit, partially-shunted solar array and dc models

of battery charger and discharger, arc dcvcloped to study various power

systems and one-orbit cycle simulation in Chapter 5.
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The previous study of the stability of the solar array power system
using a state-plane analysis technique is reviewed in Chapter 3. The
analysis is ecxpanded to the DET power system. To understand bus dy-
namics, a simplified second-order system, trcating thc bus voltage and solar
array output current as two statc variables, is developed. The stability
criteria arc derived and state trajectorics arc analyzed using the dc char-
acteristics of the source, load and bus rcgulators for each mode of oper-
ation. Decsign strategies for the solar array’s operating region and each
regulator’'s dc gain are provided. The solar array/battery lockup phenom-
enon is analyzed and graphically depicted. | Mcthods to free the system
from the battery lockup mode arc also provided.  To understand the
main bus bechavior when the power conditioning cquipment is abruptly
removed from the bus, two failurc modces. the shunt-regulator failure and
the battery-discharger failure, arc analyzed in the state-plane, and simulated
to observe the bus voltage transient after the failure.

In Chapter 4, small-signal dynamics of thc main bus of the DET power
system are analyzed in various modcs, such as the shunt, battery-charge
and -discharge modes. A design mecthodology of each bus regulator is
presented to optimize the performance of the bus, including dc regulation,
stability and bus impedance. Dynamic performances of the bus are sim-
ulated with small-signal and large-signal system models.

Several alternative spacecraft power system configurations are considered
in Chapter 5. These are solar array switching systems, a partial-shunt
system and a peak power tracking system.  An analysis of the stability
of the solar array switching system and a design strategy of the feedback
loop are provided. By comparing two solar array switching systems, their
advantages and disadvantages are identified through analysis and simu-
lation. A simulation of the partial-shunt system allows the voltage and

current waveforms of the upper and lower portion of the solar array to
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be observed and the power dissipation of thc system to be compared with
that of a functionally equivalent full-shunt system. The concept of the
peak power tracker (PPT) system is illustrated using buck-type and
boost-type PPT ecxamples. Finally, thc COBE system is modeled and
simulated to examinc the transient responscs during mode changes, and a
complete onc-orbit cycle simulation is pcrformed to obscrve the current
and voltage profile during an orbit cycle.

Conclusions are presented in Chapter 6.
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CHAPTER 2

MODELING OF SPACECRAFT POWER

SYSTEMS

2.1 Introduction

As the size and complexity of spacecraft power systems grow, computer
simulation has become an essential tool for system design. Many package
programs are available for simulating clectrical circuits. Generalized circuit
analysis programs, including SPICE, are uscful for simulating circuits, in-
cluding the detail characteristics of individual devices. In these programs,
all device parameter values are users’ inputs. Also, these programs provide
a high level of user-friendliness, such that users only need to input the
node information of the circuit to be analyzed, without writing any circuit
equations. However, whén the system becomes large, the number of
components increases and the required computer memory and computation
time rise tremendously.

For system-level study, a detailed analysis of the behavior of each circuit

component is usually not necessary and the voltage and current waveforms
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at circuit level (or subsystem level) are mainly needed for assessing dynamic
response. To develop a system model which produces a required system
response with a reasonable amount of computer memory and computation
time, the EASYS program has becen chosen as a host program. The
EASYS has many desired capabilities for large-scale system modeling, such
as modularization, flexibility and efficiency [4].

In Section 2.2, the large-scale system modeling approach developed in
[2] is reviewed. The differences between the time-domain model and
frequency-domain model are described. In Section 2.3, component models
essential for spacecraft power system are developed and the previously-
devecloped models are improved in accuracy and flexibility. The component
models developed include the solar array model, full shunt model, se-
quential shunt mode, battery model and battery charger model.

The developed models are verified by comparing the simulated results

with measured data, whenever available.
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2.2 Modeling Approach of Large-scale Systems

For large systems, it is not feasible to define the complete system en-
tirely in terms of circuit elements is not feasible. A logical approach should
be the modularization of components (cquipment) or subsystems. These
components or subsystems are then interconnected to form a system.

To utilize the modular concept, each component should be modeled as
an unterminated multi-port network (Fig. 2.1). In general, each module
receives two inputs, such as V| and [, from preceding and following
modules and gives two outputs, /; and V,, to two adjacent modules.
A source model, such as a solar array model, becomes an unterminated
one-port network with one input, /g4 (or Vg, ), and one output, Vgy
(or Ig4). The component models are internally defined in terms of the
hybrid-g [G] parameter representation of the specific power system com-

ponent. For example, in the case of two-port network,

A gn &2l | "1

V, 821 822 | I,

Each element of the G matrix can be a linear, nonlinear or time variant

function.

The circuit model is, in general, expressed with circuit equations and/or
state equations. Circuit devices, such as BJT, FET, op-amp, etc., can be
modeled with any existing modeling technique as needed. For example,
an op-amp can be modeled as an ideal op-amp or a finite gain op-amp

by writing the circuit equations either way in the EASY5 component model

program. If the temperature effect should be considered, the model pro-
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Fig. 2.1 Two-port subsystem coupling using the hybrid G-matrix
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gram can use the device model equations with a temperature coefficient.
Therefore, each component model can be built as a precise model or a
simplified model, depending on requirements.

The large-signal models are usually developed using the state equations.
Some models, however, can be represented by their transfer functions.
Since the state equation is expressed with actual circuit components such
as resistors, inductors, and capacitors, it is convenient to observe the
voltage or current waveforms at each component. The transfer function
model provides locations of poles and zeros, so design modification by a
small-signal analysis can be easily implemented. One disadvantage of the
transfer function model is that the initial condition of encrgy storage cle-
ments cannot be directly observed.

For time-domain simulations, the EASYS numerical intcgration routine
calculates current values of the states and output variables for each
module. It then passes along the output values to an adjacent module
according to the interconnection law. There are seven different types of
numerical integration routines available in EASYS5. Each offers a different
numerical stability and computational efficiency dependent on the type of
nonlinearity of a system. In general, variable step methods, such as the
Gear method and the Runge-Kutta Variable Step Intcgrator, are efficient
in linear systems. Fixed-step methods, such as the Euler method and the
Heuns method, are more efficient in those nonlinear systems which consist
of many switching regulators.

The model development of each time variant component (e.g. power
stage model of switching regulators) of a spacecraft power system involves
two separate models, the large-signal time-domain simulation model and
the small-signal linearized model. For frequency domain simulations, the

EASYS program calculates a linear approximation to a nonlinear system
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(time invariant) at any operating point given by wusers. The linearized
model of a given nonlinear system is formed internally by perturbing, one
at a time, the states and the inputs [1]. The size of perturbation can
be determined by users. Using the EASY5 command TRANSFER
FUNCTION, the Bode plot of the transfer function can be obtained from
an input variable to an output variable defined by a user. It is convenient
that, after building a system model composed of several component models,
one can also obtain the transfer function of local variables by freezing
the state variables in the rest of the models. For example, after a
switching regulator with a control loop is modeled, one can obtain the
transfer functions of just the power stage, as well as the loop gain of the

closed loop.
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2.3 Component Model Development

In this section, EASYS5 component models (the major equipment of the
spacecraft power system) are described. Since such models as switching
recgulators and a battery discharger were discussed in [2], descriptions for
these models are omitted here. The solar array model developed previously
is improved to include the effect of temperature. Also, to avoid numerical
instability in the current source region, the solar array is modeled differ-
ently. The shunt regulator is modeled in two ways, by the state equation
method and the transfer function method. The sequential shunt regulator
model is developed in order to understand its advantage over the ordinary
shunt regulator.  The battery charger and battery modecls are developed

to simulate a complete spacccraft power system.

2.3.1 Solar Array Model

The primary objectives of the solar array model are to accurately predict
the behavior of an array of photovoltaic cells to be used in a compre-
hensive power system model. In order to predict the dynamic behavior
inside the solar array, it is necessary to use a large-signal model. How-
ever, since the cell parameters, such as the dynamic resistance, diffusion
and junction capacitances of a diode, varies depending on cell voltage,
current, illumination and temperature, it is very difficult to develop a
large-signal model including the effect of these variations. A satisfactory
large-signal model has not been found. Instead of a large-signal model,
a dc model of the solar array is easy to model and useful to simulate
the terminal characteristics of the solar array.

Two approaches for developing the solar array dc model are widely

used. First, a curve-fitting routine using least squares fit can be used to
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determine the coefficients of the given solar array I-V curve. Voltage and
current points along the curve are entered into the curve fitting routine.
The polynomial cocfficients are calculated, and the array current at each
voltage point is calculated. Secondly, the solar cell circuit model is used
with a macro model approach [5]. A typical circuit model is shown in
Fig. 2.2. Since this circuit mode! is flexible and efficient for simulating
the solar array in various conditions, this approach is chosen for this
study.

An analytical expression that describes the terminal characteristics of

the solar cell model in Fig. 2.2 is

[/0 + IO RD

= (2.1)

Q
I, = Ig—[do[ cxPﬁ(Vo'*'IaRs)—l] -

I, = current output of the cell

Ig = light-generated current

I4, = reverse saturation current

Q = magnitude of the electronic charge
k = Boltzmann const‘am

T = cell temperature (°K)

V, = output voltage at the cell terminals

R, = series resistance

R, = shunt resistance
Based on the cell model, a solar array macro model is constructed by
assembling solar cells in parallel and series connections. The resulting
equivalent circuit model is illustrated in Fig. 2.3, where its elements are
lumped parameters and functions of the number of cells in series, n;, and
the number of parallel strings, np.
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The analytical expression for the terminal I-V characteristic of the solar

array model in Fig. 2.3, then, is

V I,R
Iy =n[l=Ipf{ exp = ( ,,:+ o )}_Rsh ( ,,:+ ‘;,ps )] (2.2)

From Eq. (2.2), the solar array operating conditions are set by the load
power demand and regulation of the bus voltage regulators, such as a
shunt regulator, battery charger and discharger. Other, more elaborate,
analytical dc models exist. They include such effects as the diffusion
process and the carrier recombination in the silicon p-n junction [6]. Due
to the complexitics of thc modecls, it is not practical to incorporate these

cffects in the system study.

Model Generation

Equation (2.2) can be rewritten as folloiving.

v, IR 1 V /
ly=ny U=l exp K ( 52+ 50 ) == (52 +55) ] (23)
RY
Q
where K, =
o AkT,

T, : Nominal temperature ( 301°K )

A : Empirical data-fitting constant

Since the above equation is an implicit function, that is, I, = f{ 1, V,)
, solutions /, and ¥, can be obtained using a numerical iteration method.
In this model, the Newton’s Method was used. The algorithm of Newton’s

Method is expressed as
A1X,)
Xn+l = Xn—f/(Xn) n=0uul,.
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To incorporate the solar array model in a complete system, the solar array
current, I, is chosen to be the independent variable (input variable) and
the output voltage, V,, to be the dependent variable (output variable) as
expressed in Eq. (2.4).

4 I,R 4
f(Vo)=np[lg_ldo exp K, ( no+ ons ) - 1 ( no
s p Rsh

£

LR
+ ‘;,p‘ )1-1, (2.4)

With this equation, the solar array is modeled as a voltage source.
However, in the current source region of the solar array (from OV to
the peak power voltage, Vpp), the Newton iteration routine tends to diverge
because the current level is almost flat in the region. To avoid this
problem, the solar array is modeled as a current source using the following
equation:

' Vo IoRs | Vo IoRs
o) = np [l = Igo exp K, (7~ + m ) - R, (& -+ m )1-1,

That is, the solar array output voltage, ¥, is used as the input variable
and the output current, /,, as the output variable.

Although Eq. (2.3) includes the parameter of cell temperature, the
equation is valid only for a cell temperature of 3019K with other parameter
values at the temperature. As discussed before, other parameter values
vary, depending on cell temperature.

There are several papers [5, 6] which describe a method to include the
temperature effect in the solar array model. One simple expression for

the temperature effect is as follows [5]:
Al = f AT

AV = (f, + LR ) AT
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where AT, Al and AV represent the difference between the values at a
given temperature and the nominal tempcrature (301°9K). The temperature
coefficients of current and voltage are f. and f, , respectively. The current
coefficient, f., can be obtained from the empirical data of the solar array
I-V curve by comparing the short-circuit currents at a given temperature
and at the nominal temperature. The f, is obtained from the open-circuit
voltage difference at the two temperatures with the known f. and R,
The illumination change effect of the solar array I-V characteristics is
modeled by multiplying an appropriate factor to the light-generated current,
Ig,
of 1.

under the assumption that the illumination change affects only the value

Example of Simulation

Figure 2.4 shows the solar array I-V curves at four temperatures. For
this simulation, the circuit model shown in Fig. 2.3 was used to obtain
the solar cell’s terminal characteristics at four different temperatures. This
simulation result was similar to the original graph drawn from the ex-
perimental data in [7). From this comparison, between the simulation re-
sults and the experimental results, the validity of the model is verified.

The solar cell model’s parameter values were obtained from the exper-

imental data of a 2x2 cm, 10 ohm-cm, 8 mil silicon cell [5].
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2.3.2 Shunt Regulator Model

Shunt regulators are used to limit the power bus voltage when excess
solar array power is available. Since the basic function of the shunt
rcgulator is to rcgulate the bus voltage by dissipating the excess power
through the shunt elements, there are several different types of shunt
regulators developed to reduce the amount of heat dissipation in shunt
elements and to eliminate the thermal balance problem of spacecraft.

To illustrate shunt regulator modeling techniques, typical shunt regulators
are modeled in detail in the following sections. The circuit diagram and
the block diagram are shown in Figs. 2.5 and 2.6. These models take
into account nonlinearities, including op-amp fecdback, op-amp saturation
and darlington cut-off. All diodes, including the transistor base-to-emitter
junctions, have an infinite reverse impedance. The first-order model is used
for transistors with their parameter values (such as current gain and
base-emitter junction voltage, Vy,) as the user’s inputs.

Most shunt regulators are composed of two major function blocks, the
error amplifier (EA) block and the shunt element block. In some appli-
cations, the EA block is implemented with three identical amplifier circuits
and a majority voting circuit for redundancy. Also, the shunt element
block is mostly composed of parallel, identical shunt transistor circuits or
sequential turn-on shunt transistor circuits. Since it is not practical to
generalize the model to fit any shunt regulator circuit, a typical shunt

circuit is modeled to demonstrate modeling techniques.
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2.3.2.1 Full Shunt Regulator Model

A. Modeling with transfer functions

A shunt regulator circuit, Fig. 2.5, is modeled through the block diagram
shown in Fig. 2.6. The block diagram shows the transfer function rep-
resentation of each functional block of the circuit. This transfer function
model is useful when creating a generalized model to handle different
circuits belonging to the same type shunt. The transfer function model
is particularly useful for the frequency response analysis. By providing the
values of gains, poles and zeros, the user can implement the corresponding
modcls for different circuits.

Although the model is implcmented based on transfer functions, the
transfer functions are programmed with state equations in the model when
the functional block diagram is actually modeled. The A4 block, in Fig.

2.6, can be expressed in state equations as

S2

alSl + X1

X1 = a,S1Z, - S2P,

The above state variable equations were converted from a transfer function
which had one pole and one zero. The input (S1) of this block is an
error Vvoltage between the K, Vg (=Vy,) product and V/(=V,j, and
the output voltage (¥V,) is the sum of the dc voltage component and the

ac voltage component (S2) of the A; block.
Sl =K,\Vp - Vv,
Vo = S2+7V,
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The dummy state variable, X1, which is not a capacitor voltage, is
introduced by converting the transfer function into state equations. Simi-
larly, the G, and G, blocks are expressed in state equations. However,
in this case, the inputs (S1, S3) of these blocks are ¥V, and V(bus), re-
spectively, and the outputs (S2, S4) are directly fed to the summer in
order to obtain V, . The L, block represents the op-amp saturation. This
limiting function can be easily implemented by using FORTRAN ‘IF’
statements. The Vg is needed to include the base-emitter junction voltage
drop of the darlington circuit. The L, block represents the limiting of
control voltage, V. , to a positive value. The K, block is a gain of control
voltage to base current of the transistor driver circuit, and Kj is a factor
from the number of multiple shunt elements. The Lj; block represcnts the
I. vs. Vp, characteristic of the shunt transistor. The F block represents
the functional expression of the shunt current, [y, with respect to base

current, /.

I, = fil) = ClI,+C2

B p1 2 R1 R2
¢l = B1 B2 R2 R3 + f2 R1 R3 + R1 R2 (2-5)
0.782 ( R1 + 81 R2
o = B2 (R1 + B1 R2) 2.6)

= T BIB2R2R3+P2RIR3I+RIR2

where f1 and B2 are the current gains of transistors Ql and Q2, re-

spectively, and Vj, of QI and Q2 is assumed to be 0.7V.

B. Modeling with state equations

The same shunt regulator circuit, Fig. 2.5, is modeled employingAthe

state equation representation. The state variable represents the actual
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capacitor voltage or inductor current. This circuit can be divided into three
function blocks, i.e., error amplifier circuit, error amplifier output circuit
and shunt element circuit, as shown in Fig. 2.7a-c.

1) Error amplifier circuit

If the op-amp is assumed to be ideal, then the output voltage (V,)
can be expressed in terms of the inputs (K;¥Vg and V,) and the state
variable, V., , by the following equation:

Vv

]

1="—(K1VB)+(|+ )V+ el

The state variable, V.|, is expressed as

chl — Vol - Vr- Vcl
dt Cl R2

since the current through capacitor Cl is

chl Vol - Vr - Vcl
¢l da R2

In order to take into account the saturation effect of op-amp, the output
voltage (V,)) is limited to a voltage between the supply voltage (V)
and the ground.

2) Error amplifier output circuit

Since the error amplifier circuit, shown in Fig. 2.7b, is a simple linear
circuit, the following output voltage equation and capacitor-voltage state

equation are easily obtained to model this circuit.
Voo = V= Vo2

o _ _ Vs Vo (R3+RYV,

c2 dt =~ R4 R3 R3 R4
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3) Shunt element circuit
This circuit is basically a shunt transistor circuit with a base-drive
circuit. If the upper darlington is not in cut-off, then the emitter current,

Iy, to transistor QI is

Vg—(Voa +1.4)
RSN

Ib=

where 1.4V is a darlington base-emitter voltage drop and N represents the
number of multiple shunt elements. The shunt current flows only when
VQ, which is equal to Vg—(V,,+1.4V) , is positive. Also, before there
is any shunt current, the voltage across the 1KQ resistor must be at least
1.4V or I, must be greater than 1.4mA. Oncc [, is determined, the shunt
current can be expressed in terms of /Iy through manipulation of transistor

circuit equations. As a result,
I:h =f(1b) = Cllb+C2

where Cl and C2 are described in Egs. (2.5) and (2.6). Finally, the shunt
current is limited to the maximum current capacity of the solar array

current.

0< Ish < ISA(max)

Example of Simulation

For simulation of the shunt regulator, a system consisting of the
transfer-function shunt model, a solar array model and a constant-power
load is configured.

In this simulation (Fig. 2.8), a constant-power load of 800W is applied
to the solar array, which has an output power capacity of 853W. After

the system reaches a steady state, a step load change was applied from
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Fig. 2.8 Simulation results of shunt regulator model
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800W to 750W at 2ms. The decrease in the load power causes the shunt
current to rise. The shunt current is added to the load current so the
solar array output current remains almost constant after a small transient.
As a result, the bus voltage recovers its specified voltage (28.14V) after
a transient period. From this simulation, one can observe system’s step-
load change responses, such as the overshoot/undershoot, settling time and
steady state error, etc., for the shunt current, solar array current and bus
voltage.

The same system, using the state-equation model for the shunt regulator,
was also simulated. The simulation results were identical to those of the

previous simulation, shown in Fig. 2.8.

CHAPTER 2 29



2.3.2.2 Sequential Shunt Model

The basic function of the sequential shunt regulator is the same as the
shunt regulator discussed in the previous section. However, the sequential
shunt, composed of multiple shunt clements which turn on sequentially
as the bus voltage riscs, has several advantages over the full shunt regu-
lator. One major advantage is that the power dissipation of the sequential
shunt elements is much smaller than other regulators. This is because
the elements that are turned on earlier stay in the saturation region (for
BJT’s, and ohmic region for MOSFET’s), and only the shunt element that
is turned on last stays in the linear rcgion (for BJT’s, and saturation
rcgion for MOSFET's).

In this section, the sequential shunt regulator used in the COBE, shown
in Fig. 2.9, is modeled. The power MOSFET is modeled on the as-
sumption that this device is operated in a linear fashion, as shown in
Fig. 2.11, when it is in a saturation region. The drain current is expressed

as

Id = gm(V}_ Vgst)

where I; = drain current
gm = forward transconductance of MOSFET
Vest = gate threshold voltage
Then, from the simplified circuit for one section of the regulator (Fig.

2.10), three equations can be written:

R1
Ve = Vae Y 771 75 (V1 = Varive)

Vo = gain( Vx— Vbia:)
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Fig. 2.10 Simlified circuit of one section of Fig. 2.9

slope = gnm

v

vgst vgs

Fig. 2.11 Transfer curve of MOSFET
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Vo
V= Vbus_ng3( T— Vgst)

where the gain and gm represent the open-loop gain of the op-amp and
the transconductance of MOSFET, respectively.

From the above three equations, Vgs(=—g-°-) can be expressed as a
function of Ve Vpias and Vp, Since the parameter values are given
as Rl = 124KQ, R2 = 22MQ, R3 = 20Q, gain = 200000, and gm

= 4, and after coefficient approximations, Vgs becomes

Rl + R2

= KERE L
g = nglR3 ( Vdnve

- Vbia.s ) + m ( Vbus - Vdrive) + Vgsl

For each pair of shunt elements in the saturation region,
Iy, = 2gm( Vgs_ Vgst)
For the shunt element in the ohmic region,

Vbu.t
ln = 2 235 R(dson)

For the shunt, the drive voltage should be greater than its bias voltage
to have current flow. Since the bias voltage increases as Vp,, increases,
the drive voltage should also increase. When Vp, is greater than V.
(shunt), which is 28.18V in this model, the drive voltage should be greater
than bias 1 voltage of the shunt to turn on its element 1.

The Vy;,, is determined by the voltage divider circuit shown in Fig.

2.9.

V.. _ wa(Rx+Rl)
biasl R, + Ry + Ry... + R)3 + R,
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Voo Vous (Re + Ry + Ry)
bias2 = R.+ R+ Ry.+ R+ R,

The Vg, is assumed as
Virive = K+ slope ( Vo — 28.18)

and the values of K and slope were chosen to turn on each shunt element
at different bus voltages, and to have the proper slope for Iy versus
Vpus- Since each MOSFET enters the ohmic region when [ = 1.44, this

characteristic can be implemented by limiting the Vgs to

0 < V, <335

assuming that the transfer gain of the MOSFET is 4 and V,, is 3V.

The total shunt current is

Ish = I.\'hl + IShZ + eeeee + Ishlz

Example of Simulation

A system consisting of the solar array model, constant-power load model
and the sequential-shunt regulator model is configured.

In this simulation (Fig. 2.12), a constant power load decreases linearly
from 850W to 530W. This decrease causes the bus voltage to rise and
the first shunt section to turn on. Just before the first shunt section
reaches .saturation, the second shunt section turns on to take the additional
shunt current. Since the shunt sections turn on sequentially according to
the bus voltage, only one shunt section operates in the linear region

(saturation region of MOSFET).
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From the simulation result, the power dissipation in the MOSFETs can
be calculated as follows. For three pairs of the MOSFETs in the ohmic

region, the power dissipation becomes

3x (L ) R(dson) = 3x2.8x0.18 = LSI2W

The fourth element is on the linear region. Therefore, the power dissipation

in the element is

lsh4 Vd_, = 14x14 = 19.6 W

The total power dissipation of the shunt transistors is 21.112 W.
If a full shunt system with these 12 elements in parallel is considered,

the power dissipation of the transistors in this system becomes

Vi = Vs — Iz(0ne element) R3 = 28.18 — -?l—g— x20 = 118V

12 x I,(one element) V,, = 12x0.82x11.8 = 116.1W

From this comparison, the advantage of the sequential shunt can be clearly

explained.
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2.3.3 Battery Model

In spacecraft which uses a solar array as the main source of energy,
the storage battery is the critical source of continuous power which re-
sponds to peak and eclipse power dcmands.

Nickel-cadmium (Ni-Cd) batteries have been widely used in many
spacecraft. There are some major advantages of Ni-Cd batteries, compared

to lead-acid batteries:

e Ability to be overcharged without damage

e Ability to spend long periods without damage when only slightly
charged

e Mechanically more rugged, making them more transportable

e Ability to withstand freezing without damage

An equivalent circuit model of an electrochemical battery cell (Ni-Cd) has
been recently developed in [10]. This circuit model facilitates the accurate
analysis of spacecraft power systems with this battery. Computer-oriented
battery models used in the past rely on table-look-up techniques or
curve-fitting methods. These models represent rather static conditions.
Using the equivalent circuit model, dynamic conditions, as well as self-

discharge conditions, can be easily calculated.

The electrochemical cell displays changes in the terminal voltage, due to

its internal polarization process. Polarization is divided into three general

types:

e Ohmic Polarization - Voltage drop proportional to current flow, due
to resistive effects of plates and electrolytes
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e Activation Polarization - Voltage drop logarithmically related to current

flow, due to the effects of double layers

¢ Concentration Polarization - Voltage drop logarithmically related to

current flow, duc to ionic transport effects by diffusion in electrolytes

Ohmic polarization, caused by plate and electrolyte resistances, can be
represented by a resistive circuit element. The activation polarization and

overcharge dissipation is represented with diodes.

The equivalent circuit shown in Fig. 2.13 is a lumped-clement type that
consists of a small number of nonlinear electrical elements. The charge
transfer (realistically simulated by front-to-back diodes), the energy storage
effect induced by the double layers, and the clectrochemical reactions can
only be represented by capacitances. The resistance, R, represents the
resistive elements of the cells. The front-to-back diodes, D; and D, ,

describe the charge-transfer effect, according to the equation, as
LL=K {exp(K3xVl)—exp(—-K3xV1)}

The coefficients, K; and Kj, are determined from the experimental data.

The shunt diode, D,, represents the self-discharging of the battery cell.
The parameter values of the I-V equation of this diode differ from those

of Dy and D, and are also obtained from the experimental data.

The capacitance values, C; and C, , vary according to the equation below.
It is assumed that the values are statistically distributed with regard to

their current contribution effects.

C=Aexp{—B(V—VM)2}+D
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where C = capacitance value in farads

V = actual voltage

Vys= median voltage level

A = capacitance in farads at V="V,
B = distribution constant
D

= minimum capacitance in farads

The parameter values, A, B,V,, and D, can be obtained from the ex-

perimental data.

Model Generation

As shown in Fig. 2.13, the capacitor, C;, is added to model the COBE

circuit. From the diode characteristic,
Iy = Kj[ exp (K3Vp)—exp ( —K3Vp; )]
Iy = Ky [ exp (K3Vp3)—11]

The coefficients, K; and Kj, can be obtained by the following formula

with given parameter values, I, k; , T, ¥y, and L.

Ipexp [40.27 kp{1 —459/(T +519)}]

K = exp (40.27 Vo/L) — |
K. = 20900
37 L(T+459)
where [, = reference diode current in amperes at
60° F and Vj

Vo = reference diode voltage at 60°F and I
T = actual diode temperature (F)
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k, and L are constants which may be determined

from analysis of experimental data

The parameter values, [y, ky, ¥y and L, for the diodes D; and D, differ
from those valucs of diode D;. The values in this model were obtained

from the data shown in [10].

From the circuit diagram,

av,
G2 = IBR-1IB
dv,

a—%L = 18-
av,,

&) d: =5L-1

Example of Simulation

Figure 2.14 shows the battery output voltage versus the state-of-charge
(Ampere-Hour) of a Ni-Cd battery composed of 18 serial cells. For this
simulation, the circuit model shown in Fig. 2.13 was used to obtain the

battery’s terminal characteristic. This simulation result was similar to the

original graph shown in [l10].
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2.3.4 Battery Charger Model

The basic functional requirement of the battery charger is to charge
the battery when excess power from the solar array is available and the
battery is not fully charged. Battery chargers in high-power systems usc
switching regulators to achieve highly efficient and low-heat dissipation.
Since a series-pass charger is widely used in many spacecraft, the series-

pass charger used in the COBE power system is modeled in this study.

Model Generation

Figure 2.15 shows a typical circuit of a series pass charger. The charger
circuit is modeled and simulated in this section.

When the solar array exits from the eclipse, it produces excess power.
The battery charger senses that the bus voltage is higher than its reference
voltage and starts to charge the battery. The maximum charging current
is limited by a feedback signal from the voltage across resistor R;. When
Vpys is higher than Vs the voltage at V, becomes lower than V5. Then
V3 is decreased so the P-channel MOSFET can finally turn on to allow
the charging current, i}, to flow. When the charge current flows, Vi,
decreases according to the solar array’s [-V characteristics. Then, V, rises
again and Vj rises slightly to reduce /; . As a result, /| is controlled

at the level of available excess power.

In the model program, ¥3 can be expressed as
Vy=V3—=SR*TINC whenV,>V,
V3=V3+SR*TINC whenV,<V,

V(min) < V3 < V(max)
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where SR = slew rate of op-amp
TINC = time step of simulation
V(min),V(max) = saturation voltages of op-amp
By using the basic circuit-analysis technique, the following equations are

obtained.

V,..+V
V4 - bu.s'2 3
; Vo=V, =V,
2 R3

Vy = Ve — RI([} + 1)

When the MOSFET operates in the linear region, the drain current is

expressed as

Iy =gm( Vgs - Vgsr)

where /; = drain current

gm = forward transconductance of MOSFET

Vgst = gate-threshold voltage
When the battery voltage reaches a certain value, the MOSFET becomes
saturated and the charging current is proportional to the MOSFET
drain-source voltage, V . Assuming that saturation occurs when the bat-

tery voltage reaches Vj,(max)-— 0.1V , the charging current during satu-

ration of the MOSFET can be expressed as
Iy = gmy Vg, = gmy [ Vig(max) — Vg ]

when
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Vea(max) — 0.1V < Vy,, < Vyo( max)

where gm, is the inverse of on-resistance during MOSFET saturation.
The V-T turn-off circuit turns off the charger whenever the voltage or
temperature of the battery, or the ampere-hour integrator, reaches the
preset limit. The trickle charger, a small constant current charger, turns
on to compensate for the self-discharging current of the battery when the
battery is fully charged.
A simulation example of this charger is shown in COBE system simu-

lation in Chapter 5.
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CHAPTER 3

LARGE-SIGNAL ANALYSIS OF SPACECRAFT
POWER SYSTEMS

3.1 Introduction

A large-signal analysis of the direct energy transfer (DET) power system
is performed to predict the main bus dynamics in various modes of op-
eration. Stability criteria for the operating points on the solar array I-V
curve are identified in each mode. The trajectorics of the bus voltage
and solar array output current are investigated in such cases as load
change and equipment failure.

Solar arrays, as the primary power source for a spacecraft, have a
highly nonlinear output I-V characteristic. The operating point of the solar
array is determined by such factors as the array’s temperature, illumination
level and the load characteristics of the power conditioning equipment.
Several modes of operation exist due to variations of the illumination level
and load demands.

This nonlinear source, coupled with nonlinear load characteristics, often

results in multiple equilibrium points, of which only one is desired. An
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undesired oscillation or a sudden voltage drop in the solar array’s output
may occur, depending on the system’s operating conditions.

In this chapter, a large-signal stability analysis of the solar array power
system is reviewed to analyze dynamics of practical spacecraft power sys-
tems such as the regulated-bus system and semi-regulated (sunlight-
regulated) bus system using the DET concept.  The region, where the
operating point of the solar array in the DET system is located, is
identified. Using the dc characteristics of the power conditioning equip-
ment, the spacecraft power system operating in the shunt mode, battery-
charge mode and battery-discharge mode is analyzed to show how the
power conditioning equipment stabilizes the system in each mode.  The
system’s dynamic behavior in the dcadband mode is investigated using the
large-signal analysis technique. The solar array/battery lockup phenomenon
is analyzed and graphically depicted. System behavior after a shunt
failure and battery-discharger failure are investigated to provide design
considerations for the fault protection and redundant systems.

The analyses performed in this chapter are verified through simulations

using the models described in [8].

3.2 Review of Stability Analysis of the Equilibrium Points of

the Solar Array Power System

A spacecraft power system usually has many load converters to feed
various dc equipment requiring different input voltages. Since these load
converters regulate the output voltage with varying input voltage, they can
be treated as a constant-power load, assuming that the converter is lossless.
The solar array source with a resistive load is basically stable, so only
the system with a constant-power load is analyzed.

Since the large-signal analysis of the solar array system with a

constant-power load was performed in [2, 13], the analysis is reviewed to

CHAPTER 3 48



expand for the DET power system having such power conditioning
equipment as the shunt regulator, battery charger and battery discharger.

To analyze the solar array power system with a constant-power load,
dc characteristics of a simplified solar array power system, shown in Fig.
3.1, were employed. In Fig. 3.1, the static load line characteristic exhibits
a negative incremental resistance in the midsection. Voltage V, is the
array’s minimum voltage for the converter to regulate its output voltage.
As shown in the figure, three equilibrium points exist in the system. Below
Va the converter behaves as a resistive load to the solar array, and is
defined as Region #l. In Region #2, the magnitude of the slope of the
load line is larger than that of the source line, while in Region #3, the
magnitude of the load line is smaller than that of the source line. A
large-signal analysis was carried out using a second-order system, as shown
in Fig. 3.2. The LC low-pass filter in the model represents actual physical
elements in the system, such as the cable impedance and the bus filter.
To analyze the stability of the equilibrium point in each region, the
state-plane analysis of the nonlinear system in Fig. 3.2 was introduced in
[4] and reviewed as follows.

Defining the states, x =[i, v.}J” , and introducing small-signal pertur-

bations on the states, two state equations were obtained:

dAiL A
ar = rle — {}C (3.1)
d,;’C A 1 A
C o = LT v (3.2)

Here, r¢ and r, represent the incremental resistances (tangential slope) of
the solar array’s output characteristic and load line, respectively, at the
equilibrium point.
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Eigenvalues of the system were obtained from Egs. (3.1) and (3.2) as

follows:

_1 [ L NN W
o=t [ e/ F - -] e

From Eq. (3.3), the stability of equilibrium points in three different

regions were defined.
In Region #1 : r,>0, rg<0

The equilibrium point, P,, is stable and is either “node” (real) or

“focus” (complex).
In Region #2 : r, <0, rg<0, |lrgl > |rl

Two eigenvalues are real but of opposite sign. Point P,; is a “saddle”

and is unstable.
In Region #3 : r,<0 , rs<0, lrsl <|rl
The stability of point P,, depends on parameter values L and C.

In Regions #! and #2, the parameter values, L and C, do not. have
any effect in determining the stabilities of the equilibrium points in the
regions. In region #3, the system stability depends on the parameter values
L and C, as well as r; and r,. The criterion of the stability can be

obtained from the following analysis.

From Eq. (3.3), when the eigenvalues are complex, that is, when
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rs 1

(.__

2 4 r's
L e < et G4)
the stability of the system depends on the real part of the eigenvalue.

d 1

. S
if ( 7~ rLC) < 0 stable (3.5)
if (==——-) > 0 unstable (3.6)
L rLC )

When the eigenvalues are real, that is,

Is __1 _y 4 -

(T3¢’ =2 e 0-7 (3.7)
Since the magnitude of the second term, square root term, is always less
than the first term, the sign of the first term determines the stability of

the system. That is,

r 1

. S
if ( 7~ r,_C) < 0 stable (3.8)
if (==——-) >0 unstable (3.9)
L "LC

Therefore, the same stability criteria can be used for both cases of the

complex eigenvalues and the real eigenvalues. As a result, from Inequalities

(3.83) and (3.9), when %’,—< |rgr, |, the system is stable, and when
%> lrgr,| , the system is unstable.

From the above results, the equilibrium point in Region #l is always

stable, but the voltage cannot be used as the input of the load converter.
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The equilibrium point in Region #2 is always unstable (saddle point),
regardless of parameter values. Thus, the equilibrium point in Region #3
is the only desirable operating point and its stability is dependent on the

values of L and C.

The large-signal behavior can be observed from the system’s state-plane
trajectories. The state trajectories, as shown in Fig. 3.3, were derived for
each equilibrium point using the above two state equations in Eq. (3.1)
and (3.2) [2, 13]. To obtain the trajectories, isoclines were derived for
each equilibriurh point. Near the equilibrium points, the trajectories follow
the slope of eigenvectors of the system, y. A separatrix [14], which divided
two groups of trajectories, was identified. The steady-state operating point
of the system which has initial conditions in the left-hand side of the
separatrix, becomes point P,, while the operating point of the system which
has initial conditions in the right-hand side of the separatrix becomes
P,,, assuming that the point P,; is stable.

Since the equilibrium point, P,;, can be stable or unstable, the following

six cases are set up for the computer simulations.

Case i P,, - node, P,; - node
Case ii P,, - node, P,; - focus
Case iii P,, - node, P,; - unstable
Case iv P,, - focus, P, - node
Case v P, - focus, P,, - focus
Case vi P, - focus, P, - uﬁstable

However, an investigation of cases i, ii and iii is sufficient to understand
the behaviors of the system. P, can be a focus only when the inductance
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value, L, is comparable to the capacitance value, C. The simulation results
of these cases, with the following system operating conditions, are shown
in Figs. 3.4a-3.4c.

The short-circuit current of the solar array, [, is 45.41A, the open-
circuit voltage, V,, is 32.0V, and the maximum power is 1050 W. The
constant-power load line is set to 850 W, and the boundary of Region
#1 and #2, Vi, is 1SV. The values of rg and r, at the equilibrium points

in each region are listed in the following table.

Pnl P.z Pd
I, 4538 45.02 30.34
Ve  12.03 17.31 28.02
re  -64.92 -37.3 -0.20
r 0.27 -0.56 -1.47

Cases i (P,; node) and ii (P,; focus) are shown in Figs. 3.3a and 3.4b.
The trajectories from the initial points in the left-hand side of the
separatrix (P, through P,) converge to P,, and those in the right-hand
side of the separatrix (P, through P, ) converge to P,; . Figure 3.4c
illustrates the case when P,; is unstable and the state trajectory converges
to stable equilibrium point, P,;, which is not a desired equilibrium point.

From the above analysis and simulation, it was shown that the dynamic
behavior of the solar array power system with a constant-power load de-
pended on the stability of the equilibrium points, which was determined

by the eigenvalues of the two state equations.
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3.3 Dynamic Behavior of the Regulated-Bus System

The regulated-bus system using the DET concept has four different
modes of operation throughout an orbit cycle: a shunt mode, battery-
charge and -discharge modes and a deadband mode. In the regulated-bus
system, the power conditioning equipment, such as the shunt regulator,
battery charger and discharger, not only balance the power but also reg-
ulate the bus. Each regulator is activated at a specific range of bus
voltage to maintain the bus at a desired voltage level.

Before the analysis is performed, the solar array’s operating region is
identified for the DET power system. Since the solar array is degraded
during the mission period, two solar array I-V curves exist as shown in
Fig. 3.5, during the sunlight period and at its beginning- and end-of-life,
exist as shown in Fig. 3.5. The bus regulation voltage should be selected
near the peak power voltage, V,,, which is the peak power voltage at
the end-of-life, to obtain maximum available power at the end-of-mission.
By doing so, the system can have an energy balance throughout the
mission period. Suppose that the bus regulation is selected near the peak

power voltage, V,, of the solar array’s beginning-of-life. Then, although

PP
the solar array can provide more power at Point B than at Point A at
the beginning-of-life, the power at the end-of-life becomes very small, be-
cause the operating point of the solar array is at Point C. This implies
that the solar array’s operating point stays in Region #2 throughout the
mission period.

Since the operating point in Region #2 is unstable in the case of a

constant-power load, as shown in Section 3.2, it is important to analyze
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how each piece of power conditioning equipment not only makes the
system stable in different modes of operation, but also how it improves
the system dynamics for the constant-power load. In the DET system,
the bus dynamic behavior is mainly determined by the solar array output
current and voltage, so the simplified second-order system model, using
dc characteristics of the source, load and power conditioning equipment,
will be used to analyze the system’s dynamic behavior in each mode of
operation. The load of the system is assumed to be of a constant-power

type throughout the analyses in the following sections.

3.3.1 Dynamic Behavior of the System in Shunt Mode

In the DET system and many other spacecraft power systems, the shunt
regulator is used to limit the increase of the bus voltage. Figure 3.6 il-
lustrates the system in the shunt mode of operation. The shunt current
can be expressed as a function of the error in the bus voltage, v, with
the shunt transadmittance, Y,, . For the large-signal analysis of the main
bus, the shunt regulator’s transadmittance is treated as a simple gain,

G, = —l-. That is, the dynamic of the shunt regulator itself is ignored

Fop
to study the system’s dynamic behavior. An analysis of the shunt regulator

in a frequency domain will be performed in Chapter 4. Then,

= — V¢ (3.10)

The state equations at equilibrium points are
dip 1 1,
- = T s = ve)=—7 (fli) —vo) (3.11)
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—£ = -é—,(iL—iS,,—iR)=%,-(iL—:S—i—f(Vc)) (3.12)

where —rl- is the shunt regulator’s transconductance. Following the same

sh

procedures as in the previous derivations in [4, 13], the state equations

near the equilibrium point are

di
= = rsiy — V¢ (3.13)
d,;C o A
C at = ‘L_(l/’L'*'l/"sh)VC (3.14)

The eigenvalues are obtained as

b=t [(E-o) e (- -Fra-D)]ea
where re=r.|lr, . Since r, is a very small positive value (the dc gain
of the transadmittance of the shunt regulator is designed to be large to
have tight dc regulation), r becomes a very small positive value. There-
fore, when the square root term is real, the absolute value of the term
is always lgss than the other term, (%——r;!a.—-), and the real part of the
eigenvalue becomes a large negative value.

If the load converter is locally stable, a system with the shunt regulator
activated is stable, regardless of the region in which the operating point
is located. This can be explained in two ways. First, the shunt regulator
can be viewed as a load to the solar array source. In this case, -ihe total

load line becomes a combination of the shunt regulator and a constant-

CHAPTER 3 62



power load, as shown in Fig. 3.7. The slope of the new load line is
a very large positive value above the bus voltage, Vs, at which the shunt
regulator is activated. The slope of the new load line is the same as
-rl? above Vis. As a result, the system is always stable whenever the shunt
regulator is active.

Alternatively, the system can be analyzed from the view of the
constant-power load. In this case, the solar array with a shunt regulator
becomes a source to the constant-power load, as shown in Fig. 3.8. Since
the incremental resistance of the shunt regulator, r,, is much smaller than
the source impedance of solar array above Vg the total source impedance
is dominated by the incremental resistance of the shunt, when V. is greater
than Vi, The source impedance is much smaller than the incremental
resistance of the load, so the system becomes stable, as shown in Eq. (3.3).

From the above analysis, stability in the shunt mode is determined by

the dc gain of the transadmittance of the shunt regulator. The system’s

1
reC

stable, regardless of the parameter values of L and C, the condition be-

stability condition is (%— )<0. In order for the system to be

comes
This condition makes the slope of the total load line positive.
3.3.2 Dynamic Behavior of the System in the Battery-Charge Mode

The battery-charger is activated when the bus is higher than the

charger’s reference voltage, Viz., and the battery is not fully charged.
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Before the charging current reaches a current limit, the bus voltage is
regulated by the charger. This period is called the charger’s bus voltage
regulating mode. When the charger is in this mode, the function of the
battery charger is the same as the shunt regulator from the viewpoint of
bus dynamics. During this mode, the battery charger takes the excess
power from the solar array to regulate the bus voltage, as well as to
charge the battery. The charge current variation in this mode depends

on the bus voltage and the input admittance of the battery charger:

on = Yaclc (3.16)
If only the dc characteristic of the charger is considered, the input
admittance of the charger can be expressed as a simple gain, Gjc =7;?

(The analysis of the charger in the frequency domain will also be
performed in Chapter 4.) The expression of the eigenvalues are then the
same as Eq. (3.15), with r. = r.||rsce.  The charger is also assumed to
be locally stable. Therefore, the load line of the charger (Fig. 3.9) in this

mode is similar to that of the shunt regulator, as shown in Fig. 3.7.

The condition of the system stability in this mode is similar to that

1
r:C

When the charging current reaches a preset current limit and the solar

X r
of the shunt mode, that is, (Ts— < 0).
array still produces excess power, the charging current is regulated at its
limit value. This period is called a charger’s charging current regulating
mode. Once the charger enters this mode, the switching-mode charger
behaves like a constant-power load, because the output current is regulated

and the battery voltage can be considered constant. When the charger
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stays in the charging current regulating mode, the bus voltage is not
regulated by the charger. The bus voltage then rises due to the excess
solar array power and the system settles in the shunt mode.

The load lines of the battery charger and shunt regulator, together with
a solar array source and a constant-power load, are shown in Fig. 3.10.
The charger behaves as an additional constant-power load to the solar
array source. The characteristic of the shunt regulator determines the
operating point of the system. As a result, the stability of the system

depends on r, of the shunt regulator in this mode.

3.3.3 Dynamic Behavior of the System in the Battery-Discharge Mode
Figure 3.11 can be used to illustrate the system in the battery-discharge
mode of operation. The output impedance of the battery discharger is
also treated as a simple resistance, rp,. In this case, the battery-discharge
current, iz( = vc/rpp) , is added to the source current. Therefore, Eq. (3.12)

becomes

dVC
dt

v
= (i +ip-ig)= (iL+5=—fv)) (17

where rpp is the incremental resistance of of the battery discharger’s output.
Following the same procedure as in the shunt mode derivations, the

eigenvalues are expressed the same as in Eq. (3.15), where
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Since ryp, is a very small negative value, r; becomes a very small positive
value. Therefore, the additional term n:—D stabilizes the system.

This analysis can also be explained using the same method as in the
shunt mode. As shown in Fig. 3.12, the output characteristics of the
battery are added to the constant-power load line to obtain the total load
line below the bus voltage, Visp, where the battery discharger is turned
on. The slope of the resulting load line becomes —rl;-

As an another approach, the solar array and the battery discharger
are considered as two separate sources connected in parallel. Since the
output impedance of discharger is designed to be very small, the total
source impedance is almost the same as the discharger’s output impedance
below Vgzp , as shown in Fig. 3.13. This condition can be vicwed as

the system is operating with a stiff voltage source.

The condition of the system’s stability in this mode is also

(%_ rElC )< 0.
3.3.4 Dynamic Behavior of the System in Deadband Mode

The deadband mode represents a period when the solar array solely
supplies the power to the load, so that any power conditioning equipment,
such as the shunt regulator, battery charger and discharger, is not acti-
vated.

Since none of the power conditioning equipment is activated during the
deadband mode, the system’s dynamic is the same as the case shown in
Fig. 3.2. The equilibrium points between Point A and Point B in Fig.

3.14 are not stable, as described in Section 3.2. Therefore, the system
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with a constant-power load never stays in the deadband mode; that is,
the operating point between Points A and B moves to either.Point D
or Point E, depending on the initial condition and location of the
separatrix of the system.

Let us consider a case when the system enters the deadband mode
during a transition from sunlight to eclipse. Figure 3.14 shows two solar
array curves. Curve Sl is the I-V characteristic of the array at full-sun
illumination level and Curve S2 represents its characteristic at low illumi-
nation. During a full-sun period, the system was in the shunt mode and
.the solar array’s operating point was at Point A. As the illumination level
goes down, the curve S1 moves down and meets the load line, LI, at
Point E. Then, the shunt regulator is deactivated. When the solar array
curve moves down further, below S2, the separatrix of the system occurs
on the right-hand side of the previous operating Point, E, which is the
initial condition for the system. Therefore, the operating point of the solar
array moves toward Point F until the output voltage of the solar array
reaches Vpzp at Point C, where the battery discharger is turned on and
the operating point of the system eventually moves to Point D.

The results of simulation for the case described above are shown in
Fig. 3.15. In this simulation, the actual circuit models of the shunt reg-
ulator and the battery discharger, including the feedback circuits, are used
instead of dc models. At the beginning of simulation, the system is in
the shunt mode with a shunt current of 1.5 ampere. The illumination level
begins to decrease linearly at 1 msec, to simulate the transition from the

sunlight to eclipse. The shunt current decreases accordingly, and becomes
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zero at Point P. From Point P to Point Q, neither the shunt regulator
nor the battery discharger is activated.  This period is in the deadband
mode. During this period, the solar array operating point in Fig. 3.16a
moves from Point E to Point G and back to C. The system operating
point then moves from E to D, as shown in Fig. 3.16b. In the figure,
the trajectories pass over and return back to the steady state operating
point. This is because the battery-discharger’s turn-on delay causes the
bus voltage to drop below its regulation voltage and the discharger current
has an overshoot at turn-on time.

From the state trajectory, one can observe that the equilibrium point
in the battery-discharge mode is a stable node. The values of L and

C used in this simulation are 1 uH and 1000 uF, respectively.

3.3.5 Dynamic Behavior of the Semi-regulated Bus System

The only difference between the regulated-bus and the semi-regulated
bus systems is that there is no battery discharger in the semi-regulated
bus system. In the semi-regulated bus system, the battery discharges
through a diode instead of a battery discharger. Therefore, all the bus
dynamics described for various modes, except the battery-discharge mode,
are also applied to this system.

Consequently, there is no regulation during the battery-discharge mode
and the bus voltage varies according to the terminal voltage of the battery.
Since the battery voltage varies according to the battery’s state-of-charge,
the bus voltage varies in a wide range, depending on the battery voltage.

CHAPTER 3. 74



(a]

[a]

I(SA)

I(LOADS)

46

(a)

45
QFA
. |
|
G::::!:ii
43
42
43
26 27 28 29 30
V(BUS)
(b)
4‘
4s
X
43 AE
42
43
26 27 . 28 29 30
V(BUS)

Fig. 3.16 Trajectory simulation of deadband mode

(vl

(vl

75



Since the output resistance of the battery is very small, the system bus
becomes a stiff voltage source, as in the battery-discharge mode in the
rcgulated-bus system, except for a varying output voltage. The resulting
[-V curves in the battery-discharge mode are shown in Fig. 3.17. In the
figure, the battery is considered as a source paralleled with a solar array.
When the battery voltage is Vj,,, the operating point of the system is F
and when the battery voltage is Vj,, the operating point is A. Therefore,

the bus voltage varies according to the battery voltage.

3.4 Analysis of Solar Array/Battery Lockup

The solar array/battery lockup has long been considered in the design
of spacecraft power systems. The lockup is a phenomenon in which the
battery shares the load power, although the solar array alone can supply
the load power at the moment. To avoid the lockup, the solar array is
usually oversized in many applications.

In this section, the lockup problem is analyzed in detail, using the re-
sults from the large-signal analysis described in the previous sections.
This analyses will be verified through computer simulations.

First, a spacecraft power system composed of a solar array, a shunt
regulator and a battery (or a battery with a battery discharger) is con-
sidered. During a sunlight period, the longest period in one orbit-cycle
of the spacecraft, the solar array produces enough power to supply the
spacecraft loads and to recharge the batteries. Since the solar array’s

power capability is nogmally designed to exceed the load demand, the shunt
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regulator is active, limiting the array voltage during most of the sunlight
period. However, during periods of launch, eclipse, or when the peak
power demand is in excess of solar array capability, the batteries should
supply all or part of the load, as required. |

The lockup situation can be explained using Fig. 3.18.  Vgzp in the
figure represents a reference voltage of the battery discharger in the
regulated-bus system or a battery voltage in the semi-regulated bus system.
For example, with a load of 1250 W, the operating point of the solar
array can reside on either Point B or Point C, depending on the previous
operating condition. Point A is not a stable operating point.

Let us assume that the operating point was on Point C instead of Point
B. Since, at Point C, the load power demand is less than the solar array
power, the shunt regulator is taking part of the solar array current.
When the load demand is increased to 1270 W, the operating point moves
to Point D, because the solar array cannot supply the new load demand.

Suppose that the load power is again decreased to the original value,
1250 W. The operating point then moves from Point D to Point B.
Point B is a stable operating point, because the battery discharger is a
stiff voltage source as shown in Section 3.3.3. Therefore, although the
source has enough power to supply the load, the system stays on the
battery-discharging mode. From Fig. 3.18, it can be seen that, if the
difference between the shunt reference voltage, Vps, and the battery
discharger’s reference voltage,' Veep, is large, the battery-discharge current
at lockup can be large.

7
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This lockup can occur both in regulated bus and semi-regulated bus
systems. However, since | Vgs— Vagpl is very small in the regulated-bus
system (that is, the bus is tightly regulated in most regulated systems),
the lockup current is small In the semi-regulated bus system, the bus
voltage varies according to the battery terminal voltage. Since the battery
voltage becomes low when the state-of-charge is low, the bus voltage can
be low. As a result, the battery lockup current can be large (e.g., from
Point E to Point F as shown in Fig. 3.17).

The battery lockup can also occur with a fixed load when the source
power varies. As shown in Fig. 3.19, let us assume that the I-V curve
of the solar array is Curve S1 and the operating point is on Point A
in the shunt mode. When the illumination level becomes low or the solar
array is shaded for some reason, the [-V curve of the solar array can
be lower than Curve S2. The operating point then moves to Point B,
which is in the battery-discharge mode. If the solar array resumes its
original power level, Curve S1, the operating point still remains at Point
B. This is another case of battery lockup.

Battery lockup is not serious if it does not last long. That is, battery
lockup can be allowed during a transient period, such as an eclipse to
sunlight.

To avoid this lockup problem, the startup surge current of any load
converter connected to the bus should be designed with a current level
lower than the shunt current, because the solar array sees the surge current
as a temporary increase of the constant-power load, as shown in Fig. 3.18.

Another way to avoid the problem is to design the size of the solar array
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to be sufficiently large so that the system can have only one stable op-
erating point in the shunt mode with a full-load condition, as shown in
Fig. 3.20. Curve S3 represents the I-V characteristic of the source with
the shunt regulator and battery discharger (or battery). This source line
consists of three characteristics: dc output characteristics of the solar array,
battery discharger and shunt regulator. That is, below V,;, the output
impedance of the battery discharger dominates the source characteristics,
while the shunt regulator’s output impedance dominates the source char-
acteristics above Vp;.

To escape from the lockup condition, the system should be forced to
have only one stable operating point on the output characteristic line of
the shunt. From Fig. 3.21, let us assume that the operating point of the
system stays at Point A, which is a lockup condition. One way to obtain
a single stable operating point is to move the load line from Curve LI
to the dotted Curve L2 by temporarily reducing the load power. Since
there is only one intersection at Point C (a stable point) between the
source curve, S3, and the constant-power curve, L2, the previous operating
Point A moves to C. The operating point will then stay at Point B after
resuming the original load power.

Another way is to avoid the battery lockup is to move the solar array
source line from Curve S2 (Fig. 3.22) to Sl by slightly tilting the solar
array panel toward the sun. It then gives a new combined source curve,

S3. This new source curve with the constant-power load line can have

only one stable operating point at B, which is in the shunt mode.
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Fig. 3.22 Escaping method from battery lockup by changing
illumination level
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Figure 3.23 shows a simulation result, in which the system goes into
a battery lockup condition by temporarily increasing the load power. At
the beginning of simulation, the system operates in a shunt mode. The
load power is 1250 W and the shunt current is 0.4 A. At 2 msec, the
load is increased to 1270 W abruptly. = As graphically illustrated in Fig.
3.18, the operating point moves to Point D in the battery-discharge mode.
After the load power returns to 1250 W at 10 msec, the system stays
in the battery-discharge mode with a smaller discharging current than
before.

Figure 3.24 shows a simulation result in which the system comes out
of the previous battery lockup condition by temporarily reducing the load
power. At the beginning of the simulation, the system is in the battery-
discharge mode, with the load power of 1250 W. At 2 msec, the load
is step-changed to 1230 W. The system then goes to the shunt mode
and stays there after the load power returns to 1250 W at 4 msec.

These simulation results agree well with the previous analysis.
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3.5 Analysis of Failure Mode

The bus voltage of the DET system is mainly regulated by the shunt
regulator and battery discharger. Since spacecraft power systems require
high reliability, they are usually designed with a redundancy concept. Two
different types of redundancy concepts are used to avoid system failure
due to failure of a piece of equipment. One type is implemented with
standby equipment, an extra piece of equipment which automatically takes
over the function of failed equipment, activated by a switchover signal
from a fault detector. The other one is called ‘on line redundant.” In
this case, parallel modules share current during normal operation, with
one module taking over the whole current if the other one fails. In order
to properly design failure protection circuits and/or redundant equipment,
it is important to predict bus behavior when each piece of equipment fails.

In this section, two major failure cases, shunt failure and battery
discharger failure, are analyzed using the large-signal analysis technique.
Redundancies are not implemented for this study, however, since the ob-
jective is to understand the system’s behavior after the failures so that
an optimum strategy of failure control, using the forementioned redundancy

concept, can be implemented.

3.5.1 Shunt Regulator Failure Mode

During the sunlight period, the shunt regulator is activated to limit the

bus voltage. When the shunt regulator fails, i.e., the power devices in

the circuit fail, the bus voltage rises to Point B in Fig. 3.25. The increase
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of the bus voltage triggers a redundant shunt regulator through a fault
detector.

The shunt failure mode is graphically analyzed using the I[-V curves,
as shown in Fig. 3.25. In this analysis, the shunt is assumed to be
completely inactivated, that is, no shunt current flows, at the moment of
a failure. If the operating point on the solar array I-V curve is at Point
C before the failure, the operating point moves toward Point B after the
failure. In case of a heavy load, the solar array’s operating point will
move from Point C to Point B, and in the case of a heavy load, from
Point C to Point B’. Therefore, the bus voltage rises higher in the case
of the light load. During the transient, the difference between the solar
array current and the load current will charge up the filter capacitor of
the bus. The bus voltage will rise at a much faster rate in the light-load
case.

These analyses are verified through simulations. A computer model,
consisting of a solar array, a shunt regulator, a battery discharger and
a constant-power load, is configured to simulate the shunt failure and
battery-discharger failure modes.

Figure 3.26 shows simulation results of the shunt failure. At the be-
ginning of the simulation, the system is in the shunt mode, with a shunt
current of 0.4 A. At | msec, the shunt regulator fails and the shunt
current becomes zero. The solar array current and load current follow

the trajectories as shown in Fig. 3.25. The operating point on the solar

array I-V curve then moves from the left to the right, as shown in Fig.
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3.27a. An increase of the bus voltage and a decrease of the solar array
current are shown in Figs. 3.27b and 3.27c, respectively.

Figure 3.28 shows simulation results of the shunt failure in the case
of a light load. As shown in Fig. 3.29, the bus voltage rises at a faster
rate, as expected. Since the switch-on of a standby shunt regulator is
with a certain time delay, the worst case bus voltage overshoot occurs

under the light load condition.

3.5.2 Battery Discharger Failure Mode

During eclipse periods, the battery discharger is activated to supply the
load power. When the battery discharger fails, the bus voltage will fall.
It is assumed that the discharger is completely disabled during failure.

The parallel modules of the battery discharger are usually used to
provide on-line redundancy to the system. Transient response of the on-
line redundant system is obviously much better than that of the standby
system, because there is no time delay for switchover to the other
equipment.

In this section, the discharger failure mode is analyzed to examine the
bus voltage and current transient response. As shown in Fig. 3.30, since
the source characteristic of the battery discharger disappears and the ori-
ginal source characteristic of the solar array below Vgpp, is resumed at the
moment of the failure, there exists only one equilibrium point, P,.
Therefore, the state trajectories of the solar array and the load will follow

the curves shown in the figure.
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Figure 3.31 illustrates the transient response after the discharger fails.
At the beginning of simulation, the system is operated in the battery-
discharge mode, with a small discharging current. At 1 msec, the
discharger fails, e.g., the output diode fails in the boost converter. Since
the load power demand is larger than the solar array power, only one
equilibrium point exists.

The simulated trajectory of solar array current and bus voltage are
shown in Figs. 3.32a-c, together with their time responses. After the

transient period, the bus voltage drops out of the regulation range.
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3.6 Conclusions

The large-signal state-plane analysis of a typical solar array system with
a constant-power load has been reviewed. Three regions, Region #l, Re-
gion #2 and Region #3, are identified to cover the entire state plane.
The analysis shows that any equilibrium point in Region #2 (the solar
array’s current source region) is unstable and the equilibrium point in
Region #3 (the solar array’s voltage source region) is conditionally stable.
The equilibrium point in Region #l1 is stable but undesirable; it produces
low bus voltage. The state trajectories are separated by a separatrix that
passes through Region #2. Since the state trajectories always converge to
one of the two stable equilibrium points located in Region #l or #3, the
behavior of the system is quite different on either side of the separatrix.

The system can be stabilized in Region #2 when the shunt regulator
or the battery discharger is employed. The role of the shunt regulator
can be viewed in two different ways; it either makes the source charac-
teristic a stiff source or changes the constant-power load characteristic into
a resistive load at the bus voltages above the reference voltage of the shunt
regulator, Vzs . The role of the battery discharger is the same as for
the shunt regulator at the bus voltages below the reference voltage of the
discharger, Vazp. Consequently, the source characteristic of the regulated
DET system is composed of three components: the battery discharger’s
dc output characteristics below FVirzp , the shunt regulator’s dc output
characteristic above Vs and the solar array’s characteristic between Vpgp
and Vi,
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The solar array/battery lockup phenomenon was analyzed. The battery
lockup occurs when a temporary step-up change of load results in a larger
power demand than the solar array can provide, or when the solar array
output power is temporarily reduced to a level lower than what is required
by the load. The system can escape from the lockup by either temporary
load-shedding or temporarily tilting the solar array panel toward the sun.

Failure analyses were performed. When the shunt regulator fails, the
bus voltage rises. Tﬁe rovershoot of the bus voltage depends on the shunt
current level before the failure. When the battery discharger fails during
an operation when the solar array alone cannot provide the entire load
power, the bus voltage drops to a voltage level where the equilibrium point
is located in Region #l.

Since the operating point in Region #3 is stable, it is easy to design
the solar array system operating in the region. However, when the solar
array is degraded, its output power decreases sharply in this region.
Although the operating point in Region #2 is unstable in the case of a
constant-power load, the system can be stabilized with the use of shunt
regulator and battery discharger. Therefore, for regulated bus systems,

Region #2 is the desired operating region for the regulated bus systems.
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CHAPTER 4

SMALL-SIGNAL ANALYSIS OF THE MAIN BUS
DYNAMICS

4.1 Introduction

In Chapter 3, the large-signal dynamic behavior of spacecraft power
systems has been studied using a simplified second-order model with dc
characteristics of the power conditioning equipment. It has been shown
that the system is stabilized with a large dc gain of the transadmittance
of the shunt regulator and a small dc output impedance of the battery
discharger. Since only the dc characteristics of each piece of power con-
ditioning equipment was considered in the large-signal analysis, a small-
signal analysis is performed in this chapter to observe the system’s
small-signal dynamics using frequency characteristics of the power condi-
tioning equipment.

Small-signal characteristics of the main bus of a spacecraft power sys-
tem, operating in various modes (the shunt, charge/shunt, battery charge
and discharge), are analyzed for the regulated-bus system using the
direct-energy-transfer concept. A methodology is presented to optimize the

performances of the bus, such as dc regulation, stability and bus impedance

using the system’s loop gain. Dynamic performances of the bus are
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simulated with small-signal and large-signal component models, using
EASYS.

Solar arrays gencrate their output power over a wide range, according
to the changes in cell temperature and illumination level. The operating
point of the solar array is determined by its characteristics, the power
conditioning equipment and the load. The power conditioning equipment
consists of a shunt regulator, a battery charger and a battery discharger.
The power conditioning equipment not only balances the power of the
system, but also regulates the bus voltage. Throughout a complete orbit
cycle, there exist various modes of operation of the system; each piece
of conditioning equipment is activated according to the bus voltage.
Small-signal dynamic behavior of the bus thus depends on the dynamics
of the power conditioning equipment in each mode of operation.

Considering the size and complexity of a spacecraft power processing
system, analysis of the system may not be feasible by defining a system
entirely in terms of circuit elements. A practical modeling approach is to
model each component individually and to define their interconnection.
Even though the behavior of individual components may be well under-
stood and documented, once these components are interconnected to form
a complex system, the system may not behave as desired, due to unwanted
interaction among components.

In order to utilize the modular'concept, each component should be
modeled and analyzed as an unterminated two-port network; the terminal
characteristics of both ports are unknown until the complete system is
configured. The two-port modeling allows one to analyze the complete
system, with a focus on the local behavior of a particular component.
The interaction can then be defined in terms of an impedance matching

between components.
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In this chapter, small-signal dynamics of the main bus of a spacecraft
power system operating in various modes are analyzed by treating each
piece of power conditioning equipment as an unterminated component.
In Section 4.2, the bus impedance is analyzed in terms of the
transadmittance of. the power conditioning equipment. The system loop
gain is defined and design considerations of the loop gain are discussed.
The system’s small-signal dynamics in the shunt mode, battery-charge mode
and battery-discharge mode are analyzed in the frequency domain, and
design consideration of each piece of power conditioning equipment are
discussed in Sections 4.3, 4.4 and 4.5, respectively. Finally, conclusions
are drawn in Section 4.6.

For the analysis verification, both small-signal and step transient re-
sponses of the main bus are simulated with the component models pre-

sented in [8] for each mode of the system’s operation.

4.2. Dynamics of the System Bus

Figure 4.1 shows a block diagram of a direct-energy-transfer (DET)
power system. In the figure, Z, is the impedance of the main bus filter
capacitor, which maintains the bus voltage within acceptable limits during
short transients when the power conditioning equipment is not able to
regulate the bus. As mentioned before, the power conditioning equipment
regulates the bus while maintaining the bus impedance at a low level.
To illustrate the small-signal dynamics of the main bus, Fig. 4.2 shows
the small-signal equivalent circuit model of the system shown in Fig. 4.1,
for each system’s mode of operation. In Fig. 4.2, Y is the admittance
function of each piece of power conditioning equipment.

Assuming that the dynamics of the spacecraft’s load are not yet known,

let us first consider a load-unterminated system. The shunt regulator,
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battery charger (during its bus voltage regulating mode) and discharger
function as bus regulators, that is, they regulate the bus voltage by con-
trolling the solar array output current across the source impedance, Z,.
Therefore, the block diagram in Fig. 4.2 forms a simple feedback system,
in which the regulator gain function, Y, is the feedback gain to the system.
The dynamics of the bus depend on the shape of the system loop gain,

T, , which is defined as

T, =Z,Y 4.1)

and the output impedance of the regulator, Z, is

Z, = ! (4.2)

(These derivations will be clearly shown in a shunt regulator example in
the next section.) Thus, if Y is locally stable, then by properly shaping
the loop gain, T, , the system’s stability can be ensured and Z, can be
optimized. As discussed in [4], primary considerations in loop gain design
are that 7, must drop below unity at a desired frequency with a rea-
sonable stability margin, while, at the same time, 7, should be high at
dc to provide good bus regulation.

Before the proper design of Y is considered, Z, needs to be charac-
terized. Even though the circuit parameter values in Zg, vary widely,
depending on the system’s operating condition [16], the corner frequency
of the pole and zero, due to C,, are much higher than the frequency
range of interest, i.e.,, the loop gain crossover frequency in a typical solar
array design.

The circuit model of the solar array’s small-signal model is shown in

Fig. 4.3. By using this model, the dynamic resistance of the solar array
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can be internally calculated under different output conditions. This model
is simple and produces good first-order results. Various techniques are
given in the literature for determining the parameter values of the model.
For this first-order ac model, the parameter values are dependent on the
output voltage and current, cell temperature, cell illumination and physical
cell dimension. It is therefore necessary to take these factors into account
when model parameters are calculated.

The computer model of the array is described as lumped R and C,
which are functions of the number of cells in series and parallel (ng and
np, respectively [8]).

The parameter values, [, Cp, Cr and R, are given. The dynamic
resistance, Rp, is determined by the operating condition of the solar array,

I,, and V, in the model program. That is,

n
n Vp = Vo+7::- Rgl,

From the diode equation,

4
Ip = Lol e (22) ~1]

Then,

al 14
Ro = V(2 ) = 1Tk 5 oxp (52201

Although the capacitance value, C, + Cr, also varies according to the op-
erating condition [16], one typical value at a constant current region (the
output voltage range from zero to peak-power voltage) is used in this
simulation.
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The computer simulated plot (Fig. 4.4) is obtained using the circuit
mode! shown in Fig. 4.3. In Fig. 4.2, since C,, is very small and can

be considered an open circuit in the frequency range of interest, Z,, be-

comes
_ 1 _ R” (sRCC + l)
The low frequency value of Z, is then R, + Ry = R, . Since, in the

current source region of the solar array, the dynamic resistance, R,, is
much larger than R, the pole is at w, = 1/(CR,) and the zero is at
w, = 1/(CR) . The high frequency value of Z, is R¢ , which will be
the peak value of the bus impedance if the loop gain 7, is properly de-
signed. The peak bus impedance determines the amount of
overshoot/undershoot due to the step-load transient, and the zero at w,
is the primary factor of the settling time of the system. Therefore, these
two important parameters for the bus impedance are primarily functions
of the impedance of bus filter capacitor, Z, . [Even though a smaller
R. will give better performance, it may be necessary to add external series
resistance in Z. to have a more reliable system loop gain.

According to Z,, the power conditioning equipment admittance function,
Y, can be designed with the loop gain design criteria discussed earlier.
Then the load terminated bus inipedance, Z;, and the loop gain, T3, can

be designed as a function of Z, and T,

Zg = Z,11Z; (4.3)
Ty = T, —>— (4.4
B — 0 Z .)

1+ ——
ZL
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Thus, if one can ensure |Z,| << |Z,], the bus impedance is independent
of the load. Also, from Eq. (4.4), stability of the load-terminated bus
will be ensured if |Z,| << |Z,|. In other words, the load interactions
to the system bus and its stability condition are characterized by the
impedance ratio of |Z,| and [Z,] . Therefore, one can concentrate on
the system loop gain design without Z;, and the interaction analysis can
then be performed.

The loop gain design with Z, for each piece of power conditioning

equipment will be discussed in the following sections.

4.3. System in Shunt Mode

Shunt regulators are used to regulate the bus voltage during the period
when excess solar array power is available. When the solar array output
power is larger than the required load power, the bus voltage will increase.
The shunt regulator is then activated to limit the bus voltage to a required
level. During the shunt mode, the bus voltage is regulated by varying
the shunt current through the shunt element.

In the direct-energy-transfer system, the operating point of the bus
voltage is usually chosen to be a little lower than the peak-power voltage,
which has high source impedance. The solar array behaves like a current
source in a voltage range from zero to peak-power voltage. That is, the
source impedance of the solar array, Zs,, is very large in this voltage
range. The filter capacitor makes the impedance low at high frequencies.
To make the solar array source a stiff voltage source, the source impedance
should also be low at low frequencies. By introducing a shunt regulator
with proper voltage loop gain, the output impedance of the solar array

system, including the shunt, can be made low for all frequencies.
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To define the loop gain of the system, a control block diagram is in-
troduced in Fig. 4.5. The shunt regulator senses the output voltage of
the solar array and produces the shunt current to regulate the bus voltage.
In this voltage control scheme, the load current, iy , and input voltage
can be considered as input variables. Therefore, the transfer function from

the load current to the output voltage becomes

AV Zeg _
Aip  1+Z,Y, Zo (4.5)

where Ai; : load current variation
Avy : bus error voltage
The transadmittance function, Y, , can be explained as follows. For

a typical linear shunt regulator,

where H, : compensation network transfer function

G, : transconductance of the shunt elements

From Eq. (4.5), the bus voltage loop gain becomes T, = Z, Y, This
loop gain determines the system stability.

The loop gain design considerations are described in detail in reference
[4]. The loop gain should be high at dc to have tight regulation, but
should be below unity at high frequencies, where the parasitic capacitance
of control circuitry prevents proper control. A large loop gain bandwidth
is desired to have fast system response. To obtain all these characteristics,

the feedback compensator should be designed as shown in Fig. 4.6b. The

first plot shows the output impedance of the solar array plus filter
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capacitor. The magnitude of R, varies according to the solar array’s
operating condition, output voltage and output current.

As shown in Fig. 4.6b, the feedback compensator of the shunt regulator
can be designed with a two-pole one-zero compensator; one pole at zero,
one zero before f. and the other pole at a high frequency in the range
of 50-100 kHz in order to obtain the desired output impedance charac-

teristics, as shown in Fig. 4.6d.

Simulation of shunt mode

A typical solar array power system with a shunt rcgulator is modeled
using small-signal models. The system is composed of three types of
equipment, such as a solar array, shunt regulator and load converter.
In this simulation, the load converter is modeled with a constant-power
load. Frequency response of a solar array system with the converter load
is simulated in the shunt mode, using small-signal models. In this simu-
lation, Y,, of the shunt regulator was implemented with a two-pole one-zero
compensator network. The simulation results, shown in Fig. 4.7, agree
well with the corresponding plots in Fig. 4.6.

Figure 4.8 shows the step-load transient response using the time-domain
model. At the beginning of simulation, the system is in shunt mode with
a light load (396 W). At 1 msec, the load is step-changed (10%) to
356.4 W, so that the shunt current increases and the bus voltage shows
an overshoot at the moment. From the output impedance curve, settling
time is predicted because the smallest eigenvalue of the system dominates
system response time. The output impedance can be expressed in the form

of transfer function:
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k(1+s/w,) (0 +slw,,) ..

2= T + slwpy) (1 + s/wy) ..

where w, <w,, < ... Since the first pole, w,, is at about 300 Hz in
this case, the time constant becomes 0.5 msec and the settling time is 2
msec, assuming that the settling time is about four times of the time
constant. This prediction agrees well with time-domain simulation result

in Fig. 4.8.
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4.4 System in Battery-Charge Mode

Several operating conditions exist in thc battery-charging mode. There
is a period when the solar array can supply the spacecraft load, but the
solar array power is not sufficient to charge batteries at their full com-
manded rate. During this period, the spacecraft bus is regulated by
controlling the charge current as a function of the bus voltage error.
When there is sufficient current from the solar array to charge the batteries
at their commanded rates, the charge ratc will be regulated by the charger
current regulator. During this period, cxcess current from the solar array
will be shunted by the shunt rcgulator, hence the bus is regulated by the
shunt rcgulator. When batterics arc fully charged, the trickle charger is
activated to compensate for the internal loss in the batterics.

As far as dynamics of the bus arc concerned, the battery charger
controls the bus dynamics only during the bus voltage regulating mode.
When both the charger and shunt regulator are activated, that is, when
the battery charger is in the charging current regulating mode, the bus
dynamics are controlled by the shunt rcgulator and the battery charger
subsystem can be considered as a load to the bus.

Figure 4.9 shows a schematic of the battery charger, which uses the
buck converter topology. An input filter is added to attenuate the buck
converter’'s pulsating input current. It shows, functionally, two control
amplifiers for the bus voltage control and thc charging current control.
During the bus voltage regulating modc, the output of the charging current
control amplifier is disabled. As a result, the output of the voltage
control amplifier is the PWM error signal, which determines the duty cycle
of the converter. To regulate the bus voltage, it is sensed and compared
with a reference voltage to produce an crror voltage which controls the

amount of charging current. Thus, its function is the same as a shunt
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regulator in this mode. For a linear charger, its design strategies are
similar to those of a shunt regulator. However, for a PWM charger, which
has size and efficiency advantages over a linear charger, it is more com-
plicated to design the control circuit beccause of the dynamics in the
switching converter and an excessive phase delay introduced by the input
filter. Figure 4.10 shows the block diagram of the battery charger in Fig.
4.9, during the bus regulating mode.

The admittance function of the charger is

A

Y = 2 = G, +H,FMG, (4.6)
Ve

Since, during the bus voltage regulating mode, only the feedforward loop
is activated, there should not be any local stability problem. However,
the charger’s output filter and the input filter may introduce excessive
phase lag to the admittance function of the charger, Y, . This excessive
phase delay in Y, may cause stability problem in the system’s loop gain,
T,=Y,Z, Thus, it is very important to design an input filter with
suitable damping, such that the phase dclay of Y, at the system’s loop
gain crossover frequency can be at a minimum. Also, it must meet the
ripple-current attenuation specification with low output impedance to min-
imize the interaction with the buck converter.

Figure 4.9 shows the input filter chosen for this study. The (filter

transfer function for small R, is

H, = ! (4.7)
1+ =+
Qwo W2

where
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W, = —— Q=R/& £ C R >> L (4.8)
o Lfo ’ | Lf’ 173 RI .

Thus, this filter can attcnuate an input with a -40 dB/dec slope and, at
the same time, the damping factor, Q, can be controlled. The input filter
resonant frequency, w,, is designed at one decade below the switching
frequency (100 kHz), so that the charge-current ripple is well below 1%
of its dc value. With this input filter and the buck converter, the
control-to-charge current transfer function, G,, is plotted in Fig. 4.10. As
shown, the resonant peaking at 10 kHz, due to the input filter, is damped
out and the phase dclay is quite recasonable to compcnsate.

Since, in practical designs, |1G,| << |G, H, FM|, as shown in Figs.
4.11 and 4.12, the loop gain, T, in Eq. (4.1) can be approximated by
T,= Z,G,H,FM. To shape the loop gain T with the feedforward
compensation function, H, the product data, Z,G,FM, can be used.
Z, and G, are shown in Figs. 44 and 4.12. According to this data,
H, is designed such that the loop gain can have a -20 dB/dec slope at
low frequencies and proper phase margin at crossover frequency. There-
fore, w,, of H, is chosen at the resonant frequency of Hy to improve the
phase margin, as shown in Fig. 4.13. Figures 4.14a and 4.14b show the
resultant loop gain, T and bus impedance, Z,.

Figure 4.15 shows the step-load transient response in this mode of
operation, using a time-domain simulation model. The simulation starts
in the steady state of the battery-charge mode. At 0.5 msec, a step-load
change from 1000 W to 900 W is applied to the system. The charger
then performs as a bus voltage regulator, so that the charger current in-
creases to take over the excess current from the solar array source. The

bus voltage response gives about 0.06 V overshoot and 0.1 msec settling
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time. It can be approximately predicted from the shape of the output

impedance.

For the charging current regulating mode, the output current of the

charger should be sensed and fed back to control the duty ratio of the

PWM charger. The control block diagram of the constant current mode

is shown in Fig. 4.16. The current loop gain should be designed to have

high gain at low frequency and wide bandwidth with proper stability

margin. The loop gain is determined by the transfer function from input

voltage to output current.

io _ GS
b, 1+ GHFM
where
A A
{ l
Gy = 7=  G=
Vp d
Therefore, the loop gain T is
T =G HFM
In the buck converter,
VB ( l + S/Wz)

G, =
* R 14 s[Qw, + 52/w3

where
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For the battery charger, the load resistance, R, is very small because the
load is a battery. The G, has two separate poles at low and high fre-
quencies instead of a double pole at resonance frequency. The zero locates
at high frequency. Since the high frequency pole cancels the effect of
zero, the overall shape of G, becomes as shown in Fig. 4.17, which looks
like a system with one low frequency pole.

To satisfy the loop gain requirement, the current loop compensator
should be designed as an integrator with a low frequency zero. By
properly adjusting the gain of the compensator, the loop gain can have
a maximum bandwidth which is normally half of the switching frequency
of the converter. The simulated loop gain of the charger is shown in
Fig. 4.18.

During a constant-current charging mode, the charging-current level, as
well as the battery output voltage and temperature, should be continuously
monitored to control the charging current at a preset value. In the con-
stant current charging mode, since the charging current is limited, the bus
voltage feed-forward loop is deactivated. The bus voitage will then rise
up and the system will enter a charge/shunt mode. Therefore, the charger
and the shunt regulator are both activated, and the system loop gain

becomes

T = Zs(Ych+ Ysh)

where Y, is an input admittance of the battery charger. Since, in this
mode, Y, is much smaller than Y, as shown in Figs. 4.19 and 4.7, re-
spectively, the bus impedance of the constant current charging mode can

be considered to be the same as that of the shunt mode.
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4.5 System in Battery-Discharge Mode

When there is insufficient solar array current to supply the spacecraft
load, the battery discharger is activated. For a regulated dc bus system,
the bus dynamics are dependent mainly on the dynamic characteristic of
the regulator. Figure 4.20 shows the system in the battery-discharge mode.
Since the output of the battery discharger is the bus voltage, the bus filter
capacitor should be treated as a part of the battery discharger. Thus,
the system is simplified, as the regulator and equivalent load impedance
seen by the regulator, Z,/ , which is the parallel combination of the
spacecraft load impedance, Z;, and the solar array output impedance,
Zs, . The regulator performance parameters, such as audio-susceptibility,
output impedance and loop gain, can be derived as an implicit function
of Z,/. However, if Z,/ is complex-frequency dependent, it is neither easy
to obtain design insight nor to analytically determine the stability of the
regulator. For a spacecraft power system, it may not even be feasible
to find an analytical function for Z,/ . Quite often, a resistive load is
commonly assumed when a regulator is designed. However, even though
the regulator is designed to be stable and well-behaved, using a resistive
load, stability and performance cannot be guaranteed because of the dy-
namic interaction between the regulator and Z,/ , as discussed in Section
4.2.

As discussed in detail in [2], the regulator can be designed independently
of the dynamics of its load, using the unterminated two-port analysis.
Therefore, the load-terminated system performance can be expressed ex-

plicitly as a function of Z,’. For instance, the bus impedance is
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A

Vg _ 822 =&

l'.\B - [ 452 1+Ty (49)
Z,

where g, is the output impedance of the unterminated regulator and is
independent of the dynamics of Z,’. Thus, one can easily design the
unterminated regulator with optimum performance (g's) ensuring stability.
As shown in Eq. (4.9), the stability of the load-terminated regulator can
be determined using the system loop gain 7' . If the unterminated reg-
ulator is stable (g, is stable), then the sufficient condition for system
stability is simply lgn|l < 1Z,’| for all frequencies. By examining these
quantitics, the degree of interaction can be also characterized, i.e., the
larger the difference between these quantities, the less the interaction of
the dynamics of Z,’. Therefore, a design specification for g, can be
determined by examining |Z,'l, which can be obtained empirically or
through computer simulation, if an analytical model is not available.

For the discharger, a boost regulator with a secondary output (filter,
as shown in Fig. 4.20, has been designed. The current mode control, in
which the output voltage and the switch current are sensed for feedback
control, is employed because of the many advantages over a single-loop
control. These advantages include superior dynamic response with good
stability margins, inherent overcurrent protection and current sharing among
parallel modules. Unlike the battery charger, since the battery discharger
supplies full spacecraft load power during the complete darkness period,
a parallel module scheme may be nccessary to share the- power. In ad-
dition to the many advantages of the parallel-module scheme over single
module power processing, such as higher efficiency and smaller size, re-
dundancy can be easily incorporated, a very important consideration for

a system requiring high reliability.
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The secondary filter exists to attenuate the switching ripple at the bus,
because the pulsating diode current flowing through the output filter net-
work generates considerable switching ripple at the bus due to the ESR
of the filter capacitor. Design of a current-mode controlled boost regulator
is discussed in many papers [17, 18]. Also, the secondary filter design
consideration is discussed in [19].

Frequency-domain simulations and time-domain simulation are shown in
Figs. 4.21-4.23. Figure 4.21 shows the loop gain of the boost regulator
measured at 7,, as marked in Fig. 4.20. It can be seen that the secondary
filter resonant frequency at 10 kHz, which is placed above the loop gain
crossover frequency, obtains minimum interactions from this filter. As it
clearly shows, if the loop gain is increased beyond a certain gain (i.e.,
factor of 3), the phase margin decrcases rapidly and the regulator becomes
unstable due to the interaction with the sccondary filter. Designing the
resonant frequency of the secondary filter depends on the bus voltage
ripple specification.

Figure 4.22 shows the bus impedance, including Z, and Zg,. The
peaking, at around 1 kHz, is due to the limitation on the loop gain
crossover frequency discussed earlier. With these parameter values designed
from the small-signal analysis, a time-domain simulation was performed,
as shown in Fig. 4.23. The bus voltage response, with a load step-change

of 10%, shows good dc regulation and a reasonable settling time.
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4.6 Conclusions

Design, analysis and simulation of the main bus dynamics of spacecraft
power systems, in all possible modes of operation, have been presented.
A two-port subsystem coupling method is utilized, in which a system is
broken into manageable pieces. For each system’s mode of operation, the
power conditioning equipment is analyzed as an unterminated two-port.
The main bus dynamics, such as stability and output impedance, are
analyzed with a focus on the transadmittance, Y, of each power condi-
tioning equipment and its terminating impedance.

The main bus impedance, Z; and the system loop gain, T, , are
derived as explicit functions of the load impedance. This analysis not
only characterizes the main bus dynamics, but also identifies the load
interaction criteria of the main bus.

Design considerations of the power conditioning equipment for each '
system’s mode of operation are discussed. Using the system’s loop gain,
minimum output impedance, faster settling time and good stability margins
are considered. For shunt regulators, a linear-type full shunt is designed.
The output impedance of the partially-shunted solar array system is also
derived. Design considerations of the charger in the bus voltage regulating
mode are discussed. Large phase delay, introduced by an input filter
(which is necessary in the buck converter), forces down the system loop
gain crossover frequency very low to stabilize the system. An input filter
is designed to minimize the phase delay at the loop gain crossover, with
suitable damping providing the required attenuation of the switching current
ripple to the bus.

The boost converter, using current mode control, is designed. A sec-

ondary filter is added to reduce the switching ripple voltage at the bus.

Two feedback loops are designed to optimize the load unterminated output
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impedance, g,,, ensuring local stability. @ The bus impedance and system
loop gain are derived to analyze the system stability.

A complete DET power system model has been configured using
previously-developed small-signal and time-domain simulation component
models. Small-signal dynamics and load step transient response of the
main bus are simulated to verify the performed design and analysis for

each system’s mode of operation.
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CHAPTER 5

ANALYSIS AND SIMULATION OF VARIOUS

SPACECRAFT POWER SYSTEMS

5.1 Introduction

Many different power systems and power conditioning equipment have
been developed to avoid high heat dissipation in the power system, because
it is difficult to get rid of heat in space. For the regulated bus system,
various shunt regulators and subsystems, such as linear shunt and PWM
shunt regulators, and sequential shunt and partial shunt subsystems, have
been used to reduce the heat dissipation in the shunt circuit. In the linear
shunt, the active elements of the power shunt section operate in the linear
mode, while in the PWM shunt the active elements operate in the
switching mode. ¥ The PWM shunt dissipates less power than the linear
shunt in the active elements, because the switches operate either in a

saturation region or a cutoff region. In the partial shunt system, the bus

voltage is regulated by shunting current from a lower portion of solar
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array, instead of shunting from the whole solar array, thus dissipating less
power.

The peak power tracking system has been introduced to achieve efficient
operation of the solar array without any shunt dissipation. PWM type
regulators, in series with the solar array source, provide a means of
tracking the peak power point of the solar array. As the power level
of spacecraft grows in large spacecraft, such as a space station or space
platform, the conventional power system configuration with a shunt regu-
lator may not be adequate to handle the thermal problem in the shunt
regulator. Bus voltage regulation, using solar array switching techniques,

could alleviate the thermal problem.

In this chapter, various power systems, such as a solar array switching
system, partial shunt systexﬁ and peak power tracking system, are inves-
tigated. Dynamic characteristics of these subsystems are analyzed and
their design strategies are identified. Each subsystem is modeled and
simulated to verify the qualitative analyses.

In Scction 5.2, operation characteristics of two different solar array
switching systems, a solar array switching unit (SASU) with a linear shunt
regulator and a PWM-type sequential switched shunt regulator (SSSR),
are investigated through analysis and simulations. A partially-shunted solar
array system is modeled and simulated in Section 5.3, to show its ad-
vantages compared with the full shunt system in terms of thermal dissi-
pation. In Section 5.4, operation characteristics of the peak power tracking
system are introduced. To show the capabilities of this modeling technique,
an existing spacecraft power system, Cosmic Background Explorer (COBE),

is modeled and simulated for the various system’s operating modes and

one orbit cycle in Section 5.5.
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5.2 Solar Array Switching System

5.2.1 Introduction

Most regulated-bus spacecraft power systems use a shunt regulator to
limit the bus voltage during the sunlight period. The shunt regulator is
essential, because the output voltage of the solar array rises almost two
times as high as its normal operating voltage when the spacecraft exits
an eclipse.  This is because the solar cell temperature is relatively low
immediately after the eclipse period.

A linear shunt system is subject to potentially high heat dissipation in
the shunt elements. This problem becomes more serious as the power level
goes up. Therefore, a solar array switching unit (SASU) system is more
desirable for the high power systems. A SASU system can regulate the
bus voltage and minimize heat dissipation in the power conditioning
equipment. The SASU regulates the bus voltage by switching off unnec-
essary sections of the solar array when excess power is available. As
shown in Fig. 5.1, this is accomplished by either short-circuiting (shunt
switching) or open-circuiting (series switching) a portion of the solar array
[20].

In the case of short-circuiting, transistors successively short out parallel
sections of the array to maintain the bus voltage below some desired limit.
Although shorting an individual cell is acceptable, problems arise if a string
of series-connected cells is shorted. When the series-connected cells are
shorted, the operating point of each cell is ideally ai the point of short
circuit current and zero voltage. However, any poor cell producing
mismatched output in the cell string causes a current level different from
the short circuit current. This moves the operating point of the cells to

a nonzero output voltage and, consequently, the mismatched cell is

CHAPTER S 142



> V(BUS)
N
N/
s S S
A A A
) S S
O
RETURN
"= V(BUS)
p— o
P
S S S
Al K (Al K A K
S S S
- )
RETURN

Fig. 5.1 Basic configurations of solar array switching system

143



reverse-biased. Thus, this cell dissipates the power generated in the other
cells and can result in a damage in the cell.

Two techniques are used to avoid the problem: series-paralleling of solar
cells and the use of bypass diodes. The series paralleling technique in-
crcases the numbers of series blocks and parallel strings in the solar array
module, as shown in Fig. 5.2a. This arrangement can lower the reverse-
bias voltage when one cell is bad or the cells are partially shaded. The
other approach is to use a bypass diode connected across one or more
series blocks in the module, as shown in Fig. 5.2b. The bypass diode
becomes forward-biased when a series block beccomes reverse-biased. This
limits the power dissipated in this block as well as providing a low-

resistance path for the module or a current path for branch strings.

An alternative technique is to open-circuit the parallel sections. An
advantage of this technique is that series-blocking diodes are not required
if the switches have sufficient blocking capability. Also, there is no stress
on the array due to shadowing, because any poor cell can provide smaller
voltage and the other cells in the same string produce larger voltage to
match with the bus voltage. A disadvantage is that the lead inductance
in series with the switch may cause a high voltage spike when the switch
is opened. Also, the full array current must pass through the switch
when the array power is neceded by the loads, thus producing additional
loss.

In large spacecraft power systems, since the lead length from the solar
array panel to the switches is long, the solar array lead inductance becomes
significant. The lead inductance, L, with the solar array switching action
may cause the voltage spike on either the switching device or the bus.

di

The inductance, L, sees higher ar in the open-circuiting case than the
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short-circuiting case.  This is because the current changes from the op-
erating point to the open circuit current, zero, of the solar array in the
open-circuiting. In short-circuiting, however, the current changes from the
short circuit current to the operating point current of the solar array,
which is very small becausc the operating point is in the constant current

region.

5.2.2 Comparison of two SASU systems

Two types of solar array switching systems have been studied and tested
in references [22, 23]. The first, shown in Fig. 5.3, uses a solar array
switching unit with a shunt regulator. In this scheme, a linear shunt
regulator, without the attendant high thermal dissipation, can be uscd.
This has been accomplished by combining an active lincar shunt regulator
with a sequentially switched control, which expands or contracts the size
of the solar array to minimize the power dissipation in the shunt regulator.

The combined operation of the active and switched-array sections is
described by the operation of the system during exit from an eclipse.
When the spacecraft is in the eclipse, the bus voltage is less than the
reference voltage setting of the shunt regulator. Given these conditions,
the shunt is turned off and the current sensors are producing a ‘count-up’
signal so that all of the array is switched on.

As the spacecraft exits the eclipse, the full array is on and the output
current is sufficient to charge the battery and supply the load demand.
The bus voltage rises continuously until it reaches the voltage reference
of the shunt regulator. The shunt regulator activates to absorb excess
solar array’s output power. When the shunt current increases to a lower
preset value (e.g. 2 amperes), the ‘count-up’ signal is turned off. As the

current increases to an upper preset value (e.g. 5 amperes), the shunt
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current sensors initiate a ‘count-down’ signal, which switches off the array
sections, one by one, until the shunt current is stabilized between 2 am-
peres and 5 amperes. This is defined as the hysteresis band of the SASU.
During this time, the switching action stops and the shunt rcgulator reg-
ulates the bus with the active array section. Figure 5.4 shows the array
characteristics under static condition.

There are two major design parameters for this SASU control. One
is the size of each array segment. The sizes of both the active- and
switched-array segments must be properly chosen to minimize the linear
shunt dissipation and to ensure good voltage rcgulation.

The upper limit of the hysteresis band is determined by the short-circuit
current of the active array scctions. The size of the active array section
is determined by the amount of shunt dissipation allowed in the power
system.  The lower limit should be larger than the short-circuit current
of one switched-array section, to stay in the shunt mode of operation
during a transient period. @ The width of the hysteresis band must also
be larger than the short-circuit current of one switched-array section, to
avoid repeated turning on and off of a switched section.

The rate of switching for switched array sections depends on how fast
the shunt regulator responds to the line and load changes.

To illustrate how this SASU system works, the SASU system shown
in Fig. 5.3 is modeled and simulated, as shown in Fig. 5.5. Initially,
240 parallel solar array strings, each consisting of 412 solar cells in series,
are connected to the main bus. The solar array parameters are chosen
to have a bus voltage of 160 V with about 5.5 kW power capacity. In
the simulation, a constant power type of load, 5.1 kW, is initially applied
to the bus. The excess power of the solar array is consumed in the shunt

regulator. When the load power decreases linearly, the shunt current re-
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aches 5 amperes and one switched-array section, consisting of 15 parallel
strings, is switched off. The solar array current and the bus voltage drop
accordingly. The switching action stops as the shunt current settles within
the hysteresis band. Since the shunt regulator is always activated, the

bus voltage is well regulated.

The second scheme, shown in Fig. 5.6, is called a PWM-type sequential
switching shunt regulator (SSSR). Bus voltage regulation is accomplished
in a manner similar to a PWM switching power converter. The excess
power from the solar array is shunteu by PWM-controlled switches and
the bus filter capacitor charges and discharges continuously to keep its
voltage constant by a feedback control.

As shown in the figure, the bus voltage error signal is fed to several
comparators. The error signal is compared with a ramp voltage summed
with a reference voltage for each solar array section. The reference voltage
to each comparator is slightly different, so that only one transistor is
pulse-width-modulated, while all the other transistors are either fully on
or fully off. Bus voltage ripple is minimized by having only one array
section at a time under PWM control.

The switching frequency and the size of each array scction are the
design parameters of this system. A higher switching frequency and smaller
array sections can provide lower output ripple. The maximum operation
frequency is limited by the switching speed of the switching devices, such
as a transistor and diode, and the time delay of the solar array due to
internal capacitance. The smaller array sections require more switches and
more complex wiring.

Figure 5.7 shows the results of a simulation of a subsystem model

having the SSSR and a constant power load. The simulation shows how
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the bus voltage is regulated by the SSSR in the specified voltage range
of 159 - 167V.

From the beginning of the simulation, the load power linearly decreases
from 5.1 kKW to 4.0 kW, so the load current also dccreases accordingly
from 31.5 A to 24.5 A, as shown in the figure. Since the load current
decreases, the bus voltage increases. The error voltage from the bus
triggers the shunt switches, to shunt unnecessary sections of the solar array.
The SASU output is proportional to the effective number of parallel solar
array strings, egr This number goes up and down according to the PWM
signal. In a steady state, only one shunt switch is repeatedly turned on
and off by the PWM signal and all the other switches are either on or
off.

The shunt reference voltage is 163 V in this simulation. The bus voltage
is well regulated within the specified range. Since a simple gain was used
for the shunt feedback circuit, the bus voltages rises slightly as the number
of shunted array sections increases. (Design considerations of the feedback
compensation circuit will be discussed in the next section.)

The ripple voltage at the steady state is about 10 mV, which is very
small. In this simulation, since the number of parallel strings in one
section is 15 and the capacitance of the filter capacitor is 3000 uF, there
are some margins either to increase the number of strings in one section

or to reduce the capacitance of the filter.

From the above discussions, the SASU system with a shunt regulator
provides fine regulation of bus voltage and has some thermal dissipation
in the shunt regulator. The PWM SSSR system, however, provides
minimum thermal dissipation and the bus voltage ripple exists due to the

PWM operation.
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5.2.3 Analysis of SASU system

5.2.3.1 SASU system with a shunt regulator

For the SASU system with a shunt regulator, the small-signal dynamics
of the system are exactly the same as that in the regular shunt mode,
because the shunt regulator of the SASU system is always active during
the sunlight period. @ DC regulation of the bus voltage depends on the
dc gain of the shunt regulator control loop. As derived in Chapter 4,

the output impedance of the system in the shunt mode becomes

z = Lo _Za (5.1)
o= T+T T T+ T4z,

One difference between this and the previous shunt system described in
Chapter 4, is that the Zeq varies according to the size of the effective

array sections connected to the bus.

5.2.3.2 PWM-type SSSR system

For the PWM-type SSSR system, current and voltage waveforms of the
system are first investigated to understand the system’s operation. At a
steady state, the bus voltage is regulated at V,ef by the PWM operation,
with a feedback control as shown in Figs. 5.8a and 5.8b. Figure 5.8a
represents the circuit schematic of (N+1)th section. In the figure, the
number of parallel strings in one section is given by n, and Ig represents
the current of one array string. The output current of one array section
is defined as [,. The actual operating point, C, is determined by the duty
ratio of the shunt switch of (N +1)th section. The waveforms of the diode

current, shunt switch current and bus voltage ripple are shown in Fig.
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5.9. The average diode current, Ip, and shunt switch current, Igy, are

given by

Ip

DI, (5.2)
Isy = D',

where D is the duty ratio of diode conduction and D' = | — D.
Assuming that the ESR of the filter capacitor is negligible, the output

ripple voltage can be obtained from

ave = L[ -1pyae = Ln-n)n-1) 63

l
=-é.—DT1,,( | — D)=%DD’1,,T

From Eq. (5.3), the largest ripple occurs when the duty ratio is 0.5.

Therefore,

AV max) = % I, (5.4)

L
C
From the above equation, the capacitance of the filter capacitor can be

obtained with a given ripple specification and switching frequency.

Secondly, the dynamic behavior of the system is investigated to see how
the control loop stabilizes the system. When the load of the SSSR is
resistive-type, the system is always open-loop stable. However, when the
load is of constant-power type, it is open-loop unstable if the system
operates in Region #2, as defined in Chapter 3. The regulation voltage

(bus voltage) should be selected to correspond with the solar array end-
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of-life peak-power voltage, in order to obtain high efficiency throughout
the mission period, as mentioned in Chapter 3. Therefore, the system
operating point should be in Region #2.

Here, in order to understand the function of the feedback circuit in
the SSSR system, the stability of the system is analyzed with a simplified
system, as shown in Fig. 5.10. The duty ratio of the SSSR system
controls the average current from the solar array. The effect of changing
the effective number of parallel strings, eff is the same as that of
changing the output current from the solar array, below the peak power
voltage. As a result, the PWM opecration with sequential switching can
be modeled by changing the number of parallel strings of the solar array,
as shown in Fig. 5.11. Unlike the previous analysis in Chapter 3, the
line inductance is omitted to further simplify the system.

The circuit equation of Fig. 5.10 without the feedback circuit is derived

as

dVC

Cdt

= is"‘[R (5'5)

To investigate the dynamic characteristic of the system, the state, vg, is
perturbed at an equilibrium point, A, in Fig. 5.11. Then, the perturbed

circuit equation is
d A A A
C?;‘(VC'FVC): IS+IS-(1R+1R) (56)

Since the source impedance of the solar array and the impedance of

constant-power load can be considered constant while one array section

is switched on or off, the linearized small-signal equation becomes
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Fig. 5.10 Simplified SSSR control system
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A
dv A A 1
c=£ = k- = (& —5-)% (5.7)

where r¢ and r; are the incremental resistance of the solar array and the
constant-power load, respectively, at the equilibrium point A. In Region
#2, (=== is greater than zero because
r¢<0, ry <0 and lrgl > {r l.  Therefore, since the system eigenvalue
is positive in Eq. (5.7), the system becomes unstable.

In the SSSR system, the bus voltage is compared with a reference
voltage and the difference causes the solar array output current to be
changed.  This control action, using the bus voltage fecdback, stabilizes
the system as shown with the dotted line in Fig. 5.10. The perturbed

circuit equation with the feedback is
d A A A A
C—rWetve) = Is+is—8(Ve+ve—Vegr) = (g + ir) (5.8)

If there is no steady state error in this system, V. is the same as the
reference voltage, Vg and Ig is equal to /g  Therefore, the linearized

small-signal equation is

A
dve A A A 1 1 A
T =’S"'gVC—’R=(F—g—TL‘)VC (5.9)

C

From Eq. (5.9), one can notice that the feedback works like a shunt
regulator in the solar array power system having a shunt regulator. Ac-
tually, the feedback term, g{z\c, is implemented by changing the duty ratio
of the shunt switch or the number of parallel strings in various solar array

switching systems.
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If g in Eq. (5.9) is chosen to be larger than | L _ L , the system

rS I‘L
becomes stable.

In this SSSR system, the feedback term, gsc, has the same role as the
shunt current of the shunt regulator. That is, this term represents the
current subtracted from the source current according to the bus voltage
error. This current is eit'her shunted in the solar array panel or dis-
connected from the solar array bus, while in a shunt regulator system this

current is dissipated in the shunt circuit. The source current change can

be expressed as

A A A g A g A
gVC = nefflg neff = —[" Ve = 0.14 VC (5.10)
g .

where Ig is assumed to be 0.14 ampcre. Then,
Ange = G (ve— VRer) (5.11)

From Eq. (5.11), the gain, G (= g/0.14), can be used for designing the
feedback gain of the system.

Computer simulations are performed to verify the analysis. A system
consisting of the SASU and constant-power load, together with a capacitor
voltage feedback, is modeled and simulated. In this simulation, the effective
number of parallel strings changes continuously instead of discretely to
match with the small-signal assumption. In this simulation, the bus voltage
reference is chosen as 28V, which is commonly used in spacecraft power
systems. At the equilibrium point in Region #2 of this simulation example,
r¢ is =344 and r; is —0.64. Therefore, g should be greater than
approximately 1.6 to make the system stable. When the feedback gain,
g, is chosen as a value larger than 2, the system is stable, as shown in

Fig. 5.12. The operating point stays at point A in Region #2, as shown
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in Fig. 5.11. However, when a gain, g, of less than 1.6 is used, the system
becomes unstable, as shown in Fig. 5.13. The bus voltage is settled at
41.7V, which corresponds to point B in Region #3 in Fig. 5.11. The bus
voltage is not regulated in this case. Thc number of parallel arrays be-
comes smaller than that of the stable case, because the operating point

moves to point B.

From the above analysis and simulation, it is shown that the feedback
circuit of the solar array switching system works as a shunt regulator.
As a result, a small-signal control blrck diagram of the system can be
drawn, as shown in Fig. 5.14. From Eq. (5.2), the gain of the transfer

function from the duty ratio to the shunt switch current becomes
lSh I
—_— =1, (5.12)

In the figure, H, is a transfer function of the error amplifier circuit and
FM is a PWM gain. The transadmittance from the bus voltage error

to the shunt switch current is

Y, = H,FMI, (5.13)

Yy, must be designed with the same criteria as for the shunt regulator
described in Chapter 4. Thercfore, the system’s loop gain, T, and the

output impedance can be derived as

T = HFM1,Z, = Yy 2., (5.14)
Zeg
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where Zeq is the source impedance of the solar array sections with the
shunt switches fully off, in parallel with the bus filter defined in Chapter
4.
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5.3 Partially-Shunted Solar Array System

5.3.1 Introduction

Another way to reduce the heat dissipation in the shunt circuit is the
use of the partial shunt system. The partial-shunt regulator reduces the
peak power dissipation to 30-50% of the amount dissipated in a func-
tionally equivalent full shunt [25].

As in a full shunt, there is a control circuit which performs the same
basic function, and there are sections intended to dissipate the excess power
and regulate the bus voltage. In a partial-shunt system, the power sections
are placed across only part of the total number of series-connected solar
cells. Thus, the shunt circuit is used to absorb part of the output of the
solar array. The design of a partial shunt is greatly dependent on the
type of solar cells used, the degradation encountered and the temperature
extremes to which the cells are subjected in orbital flight.

As shown in Fig. 5.15, the total number of series solar cells is expressed

as
Ng = Ny+ N (5.16)
where Ny = the number of upper series cells
N; = the number of lower series cells

The number of series cells, N, is selected to be able to deliver a given
fixed array’s output voltage, V,,, to be the shunt reference voltage,

Viep throughout the life of the system.  Thus,

Nsd, Vo = Vys (5.17)

where V,, is a peak power voltage of one cell, and 4, is a voltage de-

gradation factor equal to the ratio of the end-of-life to beginning-of-life
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voltage at the array’s peak-power point, and at .a steady-state array
temperature. That is, the serial cells of a solar array should be designed
so that the peak-power voltage at the end-of-life can be equal to the
desired bus reference voltage. The output power of the solar array can
then be used most efficiently throughout the life of the system.

In a partial-shunt configuration, the array is electrically split into two
sections: upper and lower. The partial-shunt element is placed across a
part of the total number of series cells defined by the fraction m:

N

m = —N-Z#VU (5.18)
When the shunt transistor is saturated, that is, when the voltage across
the lower cells, Vg4, becomes zero, the highest possible voltage which
the upper bank of Ny cells can deliver must not exceed V., in order
to regulate the bus voltage under all conditions. The saturation of the
shunt transistor will occur when the array is completely unloaded and the
solar cells are at their lowest temperature, at the beginning-of-life.

Therefore,

Ny Vo(max) < V. (5.19)

where V,[(max) is the maximum open circuit voltage of one cell. By

substituting Eqs. (5.16), (5.17) and (5.18) into equation (5.19),

% Voo
m > 1 —m (5.20)

Thus, the location of the array tap-off point is dependent on the values

of d, V,, and V,.(max).
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5.3.2 Model generation and simulation

For the partial-shunt configuration, as shown in Fig. 5.16, another solar
array model has been developed to provide the tap-off point of the solar
array for the shunt regulator. The control voltage, ¥, as shown in Fig.
5.15, is generated by sensing the main bus voltage to control the shunt
current. In this model, two solar array models are connected in series.
The shunt current controls the low solar array output voltage, thus reg-
ulating the bus voltage. The output current of the upper solar array is
equal to the inductor current, /|, where L represents the line inductance.
The output current of the lower solar array is the sum of the shunt
current and the inductor current. From the given [/, V,, is obtained from

the solar array I-V equation. Then,

12 = 11 +Ish (5.21)
dl,
“dr = Vog+Va—IhR=-V¢
dVg
o = i~ 1Loap

The partial-shunt system with a constant-power load, as shown in Fig.
5.16, is modeled and simulated.

As shown in Fig. 5.17, the load power decreases at a certain rate from
the beginning of simulation. The bus voltage increases accordingly and
becomes greater than V,,r (28.14V in this simulation), which causes the
shunt current to flow. As shown in Fig. 5.15, the upper solar array carries
only the load current and the lower solar array carries both the load
current and shunt current. Since the load current continues to decrease,
the upper solar array output voltage increases. The lower array current

(the sum of the load and shunt currents) increases so that the lower solar
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array output voltage decreases. The sum of lower and upper solar array
voltages becomes the bus voltage. The steady-state error of the bus voltage

depends on the dc gain of the shunt regulator.

5.3.3 Analysis of power dissipation

As mentioned in the previous section, the main purpose of using the
partial shunt system is to reduce the power dissipation in the shunt circuit.
Comparison of the power dissipation between the full shunt and the partial
shunt are illustrated in Fig. 5.18.

As shown in Fig. 5.18, the power dissipation in the full shunt regulator

with a no load condition becomes
Pyss = Isy Vps [W] (5.22)

where Igy is the shunt current and Vjpg is the regulated bus voltage.
Let us assume that the same size of solar array used for the full-shunt
is tapped at the center of the serial cells to make the partial-shunt system.
Then, since there is no load, the operating point of the upper array be-
comes Point A, which is in open-circuit condition. The operating point
of the lower array is determined by the voltage difference between Vpg
and Vg4 . Since the Igy in the full-shunt case (Fig. 5.18a) is almost
the same as Igy; in the partial shunt (Fig. 5.18c), total dissipation in

the partial-shunt system becomes
Pais = Isy VsaL (5.23)

From the previous simulation result, the power dissipation of the full-
shunt case is about 42 x 28.5 = 1197 watts, while the dissipation in the

partial shunt is about 42 x 12.6 = 529.2 watts.
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5.3.4 Output impedance of partial shunt system
A small-signal equivalent block diagram of the partial-shunt system is
shown in Fig. 5.19. To derive the output impedance equation, the circuit

equations are written as
vg = Vsqut VsaL (5.24)

) . Vp
lg = lsqau— _Zc

isau = lsar = L

ish = Vg Ysh
VsaL = —isarZsalL
VsaUu = —isavZsau

where Zg4 and Z are the output impedance of the solar array and the
impedance of the filter capacitor, respectively, as described in Chapter 4.
The output impedance for the partially-shunted solar array system shown
in Fig. 5.19 is derived as
Zoy+2
z, = SAl SA2 (5.25)

Zsa1 +Zsaz
+ > + Yon Zsa
c

Thus, design of the system loop gain is not as straightforward as in Eq.
(4.6). However, if the upper and lower arrays are designed such that
|Zg4y| > > |Zg45l (which is a typical design so that the voltage across
the upper array, V,, is less sensitive and the voltage across the lower
array, V), is more sensitive to changes in the bus voltage, thus shunt

current, to provide better control), then
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Zsa
Z, 1
1+ Zgy ( -t Yin)
c

i

(5.26)

1
T, = Zsq( Z_C+ Ysn) (5.27)

From this simplified expression in Eq. (5.27), the system loop gain can
be properly designed and the output impedance of the system can be

optimized.
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5.4 Peak-Power-Tracking Solar Array System

5.4.1 Introduction

The solar array peak power tracker (PPT) has been developed for
spacecraft power systems and terrestrial power systems to utilize maximum
power from a given solar array.

For spacecraft applications, the solar array is usually oversized, to
compensate for its degradation at the end of its lifetime. Also, when the
spacecraft exits eclipses, the peak output power of a solar array becomes
almost two times higher than its peak output power in normal sunlight
periods. As a result, the spacccraft power system should dissipate high
excess power through shunt regulators at the beginning of mission and
after eclipse periods. To avoid the high dissipation at the beginning of
mission and to utilize maximum power after eclipse periods, the peak power
tracker was widely used in many recent spacecraft. This is particularly
useful for the spacecraft in a low-earth orbit because it goes through a
large number of eclipses, e.g. about 15 eclipses/24 hours. A typical peak
power profile generated by the solar array in the LEO spacecraft is shown

in Fig. 5.20 [26, 27], together with a temperature profile.

5.4.2 System Operation

The basic concept of the PPT is to obtain maximum power from the
solar array by intentionally locating the operating point at the solar array’s
peak power point, whenever necessary. In case of a resistive load and
constant-power load, the maximum power can be achieved by impedance
matching between the source and load. The slope of the solar array I-V
curve is identical to the slope of the constant-power load line at the peak

power point. For the constant-power load, since the partial derivative
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with respect to the voltage or current is zero, the following equations are

derived [I11]:

_ P v al

P =1V 6V_16V+V6V—0 (5.28)
- _ypoL Yy _ _av

I= VaV I al

Therefore, the slope of the static load line is equal to the magnitude of
the solar array’s incremental resistance (dynamic resistance) at the peak
power point.

In Figs. 5.21 and 5.22, the concept of the PPT is clearly illustrated,
assuming that the PPT system is connected with a resistive load, R;.
The PPT usually utilizes a PWM-type converter. The major objective of
the converter is to locate the solar array’s operating point at the peak
power point by controlling its duty ratio. Actually, moving the solar ar-
ray’s operating point to the peak power point has the same effect as
matching the converter's dc input impedance (R;;) with the source
impedance (Rg4) at the solar array’s peak power point. The desired input
impedance of the converter (PPT) can be obtained by changing the duty
ratio of the converter. The average power delivered to R; from the source
is the same as the output power consumed at the load resistance, if the

converter is assumed lossless [26]. Then,

12
S
PS = IS Vs = (5.29)
Rin
Vo
Defining the voltage gain of the converter,
Vo
75 =~ M
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since the Pg¢ = Pp, the input resistance, R;,, becomes

1
Ry, = (77)2 Ry (5.31)

Since the voltage gain of converter can be controlled by the duty ratio,
the input resistance, R;, is also controlled by the duty ratio. For the
resistive load case, the duty ratio is adjusted in a direction to produce
larger output current, because the output power is proportional to the
output current. For a constant-power load, the product of current and
voltage should be monitored to control the duty ratio.

In practical systems, the load of PPT during the sunlight period consists
of a storage battery and load converters in the battery-charge mode, as
shown in Fig. 5.23. The battery load can be represented as a very small
resistance with a dc source. In this case, the output power is also pro-
portional to the output current because the output voltage, that is, the
battery voltage, can be considered constant due to a much larger time
constant compared with the PWM operation. Controlling the duty ratio
has the effect of changing the reflected battery voltage, the input voltage
of the converter, to match with the peak-power voltage of the solar array.
Since the output voltage of PPT is the same as the battery terminal

in the

voltage, the reflected input voltage of PPT, Vg , becomes 3A
buck-type PPT. When the duty ratio of PPT is equal to I, the input
voltage, Vg, is the same as the battery voltage, Vp,. To track the peak
power point, the duty ratio should be decreased until the reflected input
voltage of PPT, Vs, is equal to the peak-power voltage of the solar array.
Therefore, the reflected load line of the battery moves from L1 to L2 for
the buck-type PPT, while it moves from L3 to L2 for the boost-type PPT.

After the battery is fully charged, the PPT is deactivated and the solar

array sees only the constant-power load without the battery.  Then, the
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Fig. 5.23 1-V characteristics of battery load and
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operating point moves to point A; that is, it moves towards the open

circuit voltage of the solar array.
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5.5 Simulation of COBE Power System

5.5.1 Introduction

An existing spacecraft power system, the COBE power system being
built by NASA-Goddard, shown in Fig. 5.24, has been modeled and
simulated using an already-developed macro component model library.
Various systems’ modes of operation, including transition modes, are sim-
ulated. A simulation is also performed for a complete mission orbit cycle
using dc models for the power conditioning equipment and battery.

The COBE power system is basically a DET system. The various
power-conditioning components are activated only as needed, thus requiring
the system to process only the amount of power needed to maintain the
bus at the specified voltage level. A system’s mode of operation is de-
termined by the power system central control unit (CCU). The control
unit continuously monitors appropriate signals to activate the power con-
ditioning equipment. The control unit provides signals that control the
disposition of solar array, battery and shunt currents to maintain the bus
voltage regulation. When the bus voltage exceeds the specified level, the
control signal activates the shunt regulator, and the excessive solar array
power is absorbed by the shunt elements. In this mode, the solar array
also supplies the charging current to the battery if it is necessary. When
the bus voltage becomes less than the specified level, the battery discharger
is activated and the load power is supplied by the solar array and the
battery in shared mode. The battery-discharging current is controlled by
the bus voltage.

In this simulation, the switching regulators and resistive load were

modeled as a constant-power load.

CHAPTER §
187



V(BUS)

(AR]

SOLAR
ARRAY

"'“‘*

Y

[CR]

IpiscH

BATTERY
CHARGER

BATTERY
DISCHARGER

~

INPUT
FILTER

(F1]

[BH]) | BATTERY

..IIIl

A||lL

(BO]
(PZ)

(WM]

(ss]

ILoap

(PT]

SEQUENTIAY
SHUNT
REGULATO

CONSTANT
POWER
LOAD

Fig. 5.24 COBE power system block diagram

s

188




5.5.2 Transient Simulations

The solar array model [AR] is connected with a battery-charger model
[BH], battery-discharger model (power stage of battery discharger [BD],
two-pole two-zero compensator [PZ] and PWM [WM)]), a sequential shunt
regulator model [SS] and a constant-power load model [PT]. The battery
charger model is a series pass charger modeled in Chapter 2. The
battery-discharger model developed in [2], is a buck-type converter which
uses an auto-transformer to boost up the voitage and an output voltage
feedback compensator. The sequential shunt regulator model is also de-
veloped in Chapter 2. A battery model [BH] is connected to the
battery-charger and input filter [FI] of the battery-discharger.

The mode of operation changes from one mode to another as either
the illumination level changes or the payload varies. The CCU contin-
uously monitors the bus voltage and commands the system to operate in
the battery-discharge mode when Vp, becomes less than the battery-
discharger regulation voltage (Vgpgp), or in the shunt-active mode when
Vius €Xceeds the shunt regulation voltage (Vgzg). When V. is between
Vepp and Vpg, a dead band exists in which the load power is equal to
the solar array’s output power.

Figure 5.25 shows a change from the battery-discharge mode to the
battery-charge mode due to a change in illumination. The simulation be-
gins with the battery-discharge mode in steady state. Since the solar ar-
ray’s illumination level increases, its output current increases and the bus
voltage rises. When the bus voltage reaches the battery-charger’s reference
voltage (28.14V), the battery-charger turns on and charges the excess
current from the solar array to the battery. The fluctuation of charge-
current, /-y, comes from the numerical calculation process. The actual

charge current should be smooth. The small integration-time step can
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avoid fluctuation, but more computer time is needed. The system model
description program and EASYS-generated schematic diagram are given in
Figs. 5.26 and 5.27.

Other simulation results in Fig. 5.28 show a change from the shunt
mode to the battery-discharge mode due to a step-load change. The
simulation starts with the shunt mode in steady state. At 0.5 msec, the
load power is increased from 584W to 1000W. As a result, the load
current surpasses the output current of the solar array. The difference
is supplied from the battery-discharger. The last plot shows the response
of the switching current of the battery-discharger. As shown in these re-
sults, the local circuit behavior, as well as the system bchavior, can be

observed.
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5.5.3 One-Orbit-Cycle Simulation

For a simulation of a complete orbit cycle, the Mission Orbit Eclipse
Phase, which has an orbit period of 103 minutes and a maximum eclipse
period of 16 minutes, is chosen to show all modes of operation.

Since one cycle requires a long simulation, a longer time step is used
to reduce computer execution time. However, the large time step causes
numerical instability when the models include fast dynamics. To observe
the system’s behavior including the battery output voltage under the illu-
mination change during one orbit cycle, fast dynamics of the power con-
ditioning equipment are neglected, because the time constant of the battery
is much larger than the others. Therefore, the battery charger and
battery-discharger models arc replaced with dc¢ models not having L and
C. The system’s block diagram for this simulation is shown in Fig. 5.29.
Since the time constant of the battery model is very long (i.e., the
capacitance value of the battery is on the order of 10,000 Farads), if the
time constant of the increased L and C are still much shorter than that
of the battery, the simulation results are valid for observing the current
and voltage profile during an orbit cycle.

The dc models of battery charger and battery-discharger as described

as follows.

DC Model of the Battery Charger [CH]

This dc model is necessary when the one-orbit cycle is simulated. Since
simulation of one orbit requires a large integration time step, the model
should not include any fast dynamic components such as a small inductor
or capacitor.

When the bus voltage is greater than the reference voltage, V,ef, of the

battery charger, and the MOSFET is not saturated, the charging current
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is proportional to the voltage difference between the Vy, and V,,. As
a result, the bus voltage is regulated at V,ef while the charging current
flows in the linear region of the MOSFET. This voltage regulation

mechanism can be expressed as
I, = gmy ( Vius — Vref) (5.32)

where gm, is the transconductance of the battery charger. When the
battery voltage reaches a certain value, the MOSFET becomes saturated
and the charging current is proportional to the MOSFET'’s drain-source
voltage, V,. Assuming that saturation occurs when the battery voltage
reaches Vj,(max)— 0.1V, the charging current during MOSFET saturation

can be expressed as
Iep = gmy Vys = gmy [ Vg (max) = Vi, ] (5.33)
when

Vea(max) = 0.1V < Vi, < Vg ( max) (5.349)

where gm, is the inverse of the on-resistance during MOSFET saturation.

DC Model of the Battery-Discharger [DC]
The battery discharger functions as a stiff voltage source when the bus
voltage is below the reference voltage of the battery discharger, V. .

This can be modeled as
Lgisen = gain( Vref— Vius) (5.35)

where the gain is the inverse of the internal resistance of the stiff voltage

source and ¥, is 28.0V in this model.
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The first simulation is at constant load and only the illumination level
varies. The simulation results shown in Fig. 5.30, were obtained using a
one-second time step. Simulation starts when the spacecraft comes into
eclipse. During the 18-minute eclipse, the power system is operated in the
battery-discharge mode and, after that, it is in the battery-charge and
shunt mode. Battery charging starts earlier than the shunt mode. After
the battery is fully charged, most excess current from the solar array is
shunted through the shunt regulator. Since the MOSFET of battery
charger becomes saturated when the battery voltage reaches a certain value,
the response of battery voltage is almost constant after eclipse period.

Since the simulation results of the battery voltage and current waveforms
are similar to those waveforms shown in [28], which come from the ex-

perimental data, these models can be verified.

The second simulation uses the case of the load power changing from
584W to 900W at 50 minutes and returning to 584W at 63 minutes.
As shown in Fig. 5.31, at 50 minutes the load current demand becomes
higher than the supply current of the solar array. Then, the battery-
discharger current starts to flow. When the load power step-changes down

to the original value, the battery-charger current flows again.
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5.6 Conclusions

Various spacecraft power systems, such as the solar array switching
system, partially-shunted solar array system, peak power tracking solar
array system and COBE power system, were analyzed and simulated to
study each system’s performance.

Two solar array switching power systems, SASU with a shunt regulator
system and a sequential switching shunt regulator system, were simulated
and their performances were observed to compare their characteristics.
The SASU with a shunt system gives fine regulation of bus voltage, but
has thermal dissipation in the shunt circuit. The PWM-type SSSR system
has minimum thermal dissipation, but the bus voltage ripple exists due
to PWM control.

The dynamic behavior of the SASU system with a shunt regulator is
almost the same as the solar array system with a shunt regulator, because

the shunt regulator of the SASU is always active.

A simplified SSSR system was modeled to understand the feedback
control of SASU systems. In Region #2, the SASU system without a
feedback loop is unstable; the feedback circuit provides the stability of the
system. The gain of the bus voltage feedback should be greater than
ITIS'_'%:I to make the system stable. Since the feedback circuit of
the SASU system functions as a shunt regulator, design criteria of the
control circuit of the SASU system is the same as that of the shunt
regulator.

The partially-shunted solar array system reduces the peak power dissi-
pation to a range of 30-50% of the amount dissipated in a functionally-

equivalent full shunt. The partial shunt system was simulated and the
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voltage and current waveforms of the upper and lower array sections were
observed during load change from full load to no load.

For the low earth orbit spacecraft, the peak power tracking system is
effective to avoid the high dissipation in shunt rcgulators. The idea of
the PPT is to make the PPT’s input resistance match with the incremental
resistance of the solar array at its peak power point.

To show the capabilities of the modeling technique using EASYS, the
power system of an eXisting spacecraft, COBE, was modeled and simulated
to show transient response during mode change from a battery-discharging
mode to a battery-charging mode. A one-orbit cycle simulation was per-
formed using the solar array model, dc modecls of the charger and the
discharger, battery model and constant power load model. From this
simulation, the voltage and current profiles of the solar array and battery

were observed for a complete orbit cycle.
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CHAPTER 6

CONCLUSIONS

The major objective of this dissertation has been to develop computer
models and perform comprchensive analyses of the dynamics of various
spacecraft power systems. The analyses characterize large-signal and
small-signal dynamics of the systems and provide design information for
system-level operating points, as well as local power conditioning equipment,
to provide stability and optimum performance. The analyses are made in
various modes of operation, including the shunt, battery-charge and -dis-
charge mode. A comprechensive modeling technique using the EASYS
program is employed to facilitate an essential design iteration loop (namely,
analysis, design and performance verification) for the various Direct Energy
Transfer (DET) systems.

Component models, such as the battery charger, storage battery, solar
array switching unit and partially-shunted solar array, are developed to
facilitate the simulation of the various DET systems. The development
of an equivalent circuit for the battery model provides the capability for

transient analysis of the whole power system. Generic computer models
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developed for spacecraft power systems’ components and subsystems have
been utilized to simulate performance verification for existing hardware in

industry.

The large-signal stability analysis of the main bus of the DET system
is performed by utilizing the simplified second-order system, which includes
nonlinear characteristics of the source, load and power conditioning
equipment (bus regulators). The regulators can be viewed either as a load
to the solar array source or as a part of the source to the constant-power
load. These regulators effectively change the system cigenvalue to stabilize
the system even in the high source impedance region (current source region)
of the solar array. The stability criteria in each mode are developed in
terms of the incremental resistances of the solar array and each piece of
power conditioning equipment, and in terms of the bus filter capacitance
and cable inductance. The state trajectory is used to analyze the large-
signal dynamic behavior of the system in various modes, such as the shunt,
battery-charge and -discharge modes and the deadband mode.

The phenomenon of solar array/battery lockup, a condition in which
the battery discharges even when the solar array alone can supply the load,
is graphically analyzed and simulated for verification. The I-V charac-
teristics of the source in the DET system is composed, basically, of three
parts: output [-V characteristics of the solar array with a battery
discharger at the bus voltage below the discharger’s reference voltage,
output I-V characteristics of the solar array with a shunt regulator at the

bus voltage above the shunt regulator’s reference voltage and the I-V
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characteristics of the solar array itself at the bus voltage between the two
reference voltages. The system can escape from the lockup by either
temporarily reducing the load power or temporarily increasing the solar
array power. That is, the system should be forced to have only one
equilibrium point on the shunt line to escape from the lockup.

Two failure modes, shunt regulator failure and battery discharger failure,
are analyzed in the state-plane. In examining these failures, it is assumed
that each piece of equipment is abruptly disconnected from the bus. The
main bus behavior, such as the bus voltage, solar array current and load

current after the failure, are observed from simulations.

In order to characterize the small-signal dynamics of the system bus,
such as the bus impedance and stability, the system loop gain is identified.
The loop gain, T, is the product of the transadmittance of each bus
regulator, Y, and the source impedance of the solar array with a bus filter
capacitor. Therefore, for a given source impedance characteristic, the loop
gain, T, can be shaped for the optimum bus dynamics and stability by
properly designing Y.

In a buck-type battery charger, proper input filter design and the bus
voltage feedforward loop ensure the system’s stability in the charger’s bus
voltage regulating mode. During the charging current regulating period
of the charger, since the charger no longer functions as a bus regulator,
it should be treated as a constant-power (constant-current) load.

For the design and analysis of the battery discharger, a two-loop con-

trolled boost regulator with a secondary filter is considered. A simplified
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design approach using the unterminated regulator is introduced. In addition
to the frequency-domain analysis and simulation, time-domain simulations
are performed using large-signal models to verify design and analysis in

the three modes.

Two SASU systems, a SASU with a shunt regulator and a PWM-type
sequential switching shunt regulator (SSSR), are compared and their ad-
vantages and disadvantages are identified through analyses and simulations.
The SASU system with a shunt systcm provides good stability and fine
regulation of the bus voltage, becausc the shunt regulator is always active
whenever the SASU control is activated. The small-signal dynamics arc
the same as those in the lincar shunt. In the PWM-type SSSR system,
a PWM-controlled shunt switch controls the effective output current from
one section of the solar array. The analysis shows that the SSSR
feedback loop functions as a shunt regulator. The analysis is simulated
and verified by modeling the PWM action as a control for the effective

number of parallel array strings connected to the bus.

The partial shunt system is analyzed and simulated to show its ad-
vantage of having less power dissipation than the full shunt regulator.
Since only the lower portion of the solar array is shunted, much less power
is dissipated in the partial shunt regulator.  The output impedance and
system loop gain are derived in terms of the shunt admittance, impedance
of the upper and lower solar array section and impedance of the bus

capacitor.
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The concept of the peak power tracker system is illustrated using
buck-type and boost-type PPT examples. The basic idea of the PPT is
to intentionally locate the operating point at the solar array’s peak power
point by controlling its duty ratio.

Finally, one existing spacccraft power system, COBE, is modeled and
simulated to observe transient response and one-orbit cycle response and
to demonstrate the effectiveness of the computer modeling and simulation.
Some of the simulation results are compared with the hardware test data

and show good agrecement.
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