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(ABSTRACT)

A battery charger design for the NASA Earth Observing System (EOS) Space
Platform has been developed and tested. This thesis discusses the design of the battery
charger power stage and its current and voltage control loops. The charger was
designed to minimize the mass and to maximize the efficiency. In addition to
restoring energy to the batteries, this charger regulates the spacecraft bus voltage
during the transition between eclipse and sunlight. The battery charger design and
analysis was facilitated by use of the model for the pulse-width-modulated (PWM)
switch and the new continuous-time model for current-mode control. Analyses of the
battery charger small-signal behavior are compared to hardware measurements to

verify modeling accuracy.
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1. Introduction

1.1 Overview

In order to understand global change and man’s interaction with the environment,
the U.S. Global Change Research Program has been established. NASA’s contribution to
this program is their Mission to Planet Earth, a system of low earth orbit spacecraft
which will perform comprehensive global measurements. These space platforms, which
are part of NASA’s Earth Observing System (EOS), are to be launched starting in 1998.
To facilitate the design of the actual spaceflight hardware, NASA Goddard Space Flight
Center (GSFC) has funded the Virginia Power Electronics Center to design a prototype
Space Platform power system. As for all spacecraft power systems, the battery charger is
a fundamental system component. This thesis describes the design of the prototype

Space Platform battery charger.

To fully understand the design of this battery charger, it is necessary to know how
the Space Platform power system operates. A simplified block diagram of this direct
energy transfer power system is shown in Fig. 1.1. The primary power source is the solar
array which supplies the 12 KW needed by the payload and housekeeping loads on the
spacecraft power distribution bus. Though represented as a single resistor, Rgys, these
bus loads are a collection of various types (constant current, constant power, etc.). To

help stabilize the bus voltage against load transients, a large capacitor, Cgys, 15 placed on
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the bus. During the 64 minute sunlit portion of the spacecraft’s 100 minute, 440 mile
altitude polar orbit, the bus voltage is regulated at 120 VDC by a solar array shunt regu-
lator. This sequential shunt regulator maintains fine control of the bus voltage by pulse-
width modulating a single solar array string. During the sunlight period, the batteries are
charged at a commanded rate until full capacity is obtained. This operating condition of
the charger is referred to as the current regulation mode. The battery charging is termi-

nated subject to the volt/temperature (V/T) control circuitry within the charger.

The battery and its charger are mated with a battery discharger to form an orbital
replacement unit (ORU). The Space Platform has four battery ORU modules, all of
which are operated in parallel in a manner that ensures equal power sharing. The entire
spacecraft power system is modular to facilitate servicing and to provide a high degree

of fault tolerance and redundancy.

During the 36 minute eclipse period, the spacecraft load is supplied from the bat-
teries through the dischargers which regulate the bus voltage. When the spacecraft is in
the transition between eclipse and sunlight, the charger regulates the bus voltage. This
operating condition is subsequently referred to as the bus voltage regulation mode. Many
spacecraft use the solar array shunt regulator to control the bus voltage during this trans-
ition period, but this alternate method is more efficient since the excess solar array cur-
rent is used to charge the batteries instead of being shunted to ground. To control the
shunt regulator, charger, and discharger during the various transitions, a central Power
Control Unit (PCU) is employed. Therefore, the voltage delivered to the spacecraft loads

is uninterrupted and well regulated under all possible operating conditions.
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1.2 Design Specifications

Listed below are the battery charger design specifications:

Input Voltage = 120 VDC +4%,
Output Voltage =53t0 84 V,
Output Power = 1470 W Ave/1930 W Pk,
Nominal Efficiency = 96%,
Switching Frequency = 90 KHz,
Output Current =0.85 Ato 23 Adc
(in 16 equal steps of 1.5 A each),
Output Ripple Current = 0.23 A pk-to-pk,
Bus Ripple Voltage = 200 mV pk-to-pk, and

Bus Voltage Transient Settling Time < 10 mS.

Given the input and output voltage levels, a natural and effective switchmode
topology for the battery charger is a buck converter. Though other suitable topologies
exist for an application such as this, the buck converter was chosen for its simplicity and
well documented behavior. Future efforts on this research project will evaluate alterna-
tive charger topologies. Therefore, a tradeoff analysis can later be performed to deter-
mine the benefits of each topology. Such an analysis has already been performed on the

Space Platform battery discharger [1].

The spacecraft batteries have a 50 AH capacity and consist of 54 series nickel

hydrogen cells. For a normal 30% depth of discharge (DOD), the battery voltage ranges
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from 64 to 84 V. However, the charger is designed to operate with a 53 V battery, an
abnormal condition occuring at 100% DOD with cell voltages falling to near 1 V. The
batteries will be charged at 16 different commanded rates ranging from 0.85 A to 23 A,
with 1.5 A increments between each charge rate. Rate 1 is 0.85 A which corresponds to
C/60 where C is the battery ampere-hour capacity. Since rate 16 is 23 A, this corre-
sponds to (50 AH)/(23 A)=C/2.2. As for most batteries, the current ripple must be kept to
a minimum, so the charger’s output current is attenuated to below 1% of the maximum
charge rate (230 mA pk-to-pk). The charger is to have eight V/T curves to ensure ade-
quate charging under all conditions of battery voltage, temperature, and life. For sim-

plicity, three V/T curves are designed into the charger described in this thesis.

The charger is designed to maintain a nominal efficiency of 96% while delivering
1500 W to the battery. A 90 KHz switching frequency was chosen because of the stipu-
lation that the charger and discharger frequencies must contain the same harmonics.
Since the optimum power conversion frequency for the discharger was found to be 45
KHz, the 90 KHz frequency for the charger satisfies the harmonic requirement and pro-

duces a compact and lightweight charger design.

During the bus voltage regulation mode, the charger must produce less than 200
mV pk-to-pk of switching ripple across the 120 V bus. The charger must also keep bus

voltage transients less than 4.8 V, with a settling time less than 10 mS.

Designing a battery charger to meet the above specifications involves trading off
mass, efficiency, and reliability. Increasing the efficiency of the charger produces a
heavier design: reduction of ohmic and magnetic losses requires larger power circuit

components. Similarly, designing a charger for minimum mass yields a converter with a
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low efficiency. Therefore, a careful balance between these critical design parameters is
required. To ensure high reliability, component selection and derating was guided by the

GSFC Preferred Parts List (PPL-18).

1.3 Thesis Outline

The design of the battery charger power stage is presented in Chapter 2. Included in
this chapter is the design of the input and output filters, the power switching semicon-
ductors, and the power MOSFET gate drive circuit. The major design constraints in the
power stage are mass and efficiency. While these are often conflicting parameters, the
charger was designed in a manner to minimize mass while maintaining a high efficency.
To increase the efficiency, four MOSFETs are placed in parallel to form the active
power switch. A unique gate drive circuit is designed to simultaneously drive the four
power MOSFETSs. The charger output filter is designed with two stages so that the bat-
tery current ripple content is reduced to 1%. The main energy storage inductor in the

output filter is designed using a Metglas core so that the mass can be minimized.

Chapter 3 presents the design of the charge current and V/T control circuits. This
design work is facilitated by use of the model for the pulse-width-modulated (PWM)
switch and the new continuous-time model for current-mode control. To improve per-
formance, all charger control loops use current-mode control. The V/T control circuit
has three V/T curves and is designed to be operated by digital command. The charge
current regulation circuit is also designed to be commanded digitally since there are 16
battery charge rates. The charge current loop uses average current-mode control to

ensure regulation of the dc current into the battery. The battery current is sensed by a

1. Introduction 6



dual current transformer circuit which is designed to keep the current regulation error
less than 1%. The duty cycle-to-inductor current transfer functions are presented for both
CCM and DCM. These transfer functions are effectively single-order which allows for a
straightforward feedback loop design. The design of the feedback loops is presented
along with measured and predicted Bode plots so that modelling accuracy can be veri-
fied. Furthermore, the charge current loop stability is demonstrated by measurement of

its transient response.

Chapter 4 discusses the design of the bus voltage regulation control circuitry. Due
to the unique nature of this control scheme, several very interesting results are obtained.
Current-mode control is implemented because of the need for current sharing between
battery ORUs. The transfer functions for the inductor current and the bus voltage are
presented for the continuous and discontinuous conduction modes (CCM and DCM).
The closed-loop transfer functions are very complex since they are third order; however,
simplified results are presented which allow intuitive design. The feedback loop design
is discussed, and measured Bode plots are compared with predicted results obtained
from PSpice models. The voltage loop performance is verified by examining the charger

output impedance, transient response, and conducted emissions.

The conclusions drawn from the design of this battery charger are presented in

Chapter 5.
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2. Power Stage Design

2.1 Introduction

The design of the battery charger power stage is shown in Fig. 2.1. An input filter
smooths the pulsating current drawn by the charger power stage. The bus voltage, Vpys,
is chopped by the MOSFETs at the switching frequency, fs. This PWM voltage is
smoothed by the charger’s two stage output filter. The power stage is carefully designed
so that mass and losses are minimized. The main energy storage inductor is designed
with a Metglas core to reduce mass. The MOSFET gate drive circuit is designed to

simultaneously drive all devices in parallel.

2.2 Power Switching

2.2.1 Power MOSFETs

Since the power MOSFETs must be capable of withstanding a Vg stress of 120V,
a 200 V component must be selected. The best choice for a 200 V MOSFET from the
NASA Preferred Parts List is the IRF250. These MOSFETs have a continuous I, rating
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of 19 A (at a case temperature=100°C). Though the I, waveform is trapezoidal as shown
in Fig. 2.2, it can accurately be approximated by a squarewave. Under this approxima-

tion, the maximum RMS drain current is

84V

IDrmsmax:IBATmax QDmax= (23A) W= 192A,

occurring at V=84 V, where the maximum duty cycle is D=Vy,/V5us=0.7. Since
75% derating is needed for I, , it is clear that a single IRF250 is not capable of handling
the maximum drain current. One or more parallel MOSFETs are needed. The additional
MOSFETs not only increase the current capability, but also improve the charger effi-
ciency, since the effective MOSFET on-state resistance is reduced. Assuming equal cur-
rent sharing, the MOSFET conduction loss is

1

_ 2
Pon '—;IBAT DRDSun ’

where n is the number of MOSFETsS, Ry, is the MOSFET on-state resistance, and Iz,

is the average battery current.

The reduced conduction loss is partially offset by an increase in the switching loss
due to the capacitance of the additional MOSFETs. During the off-time, the MOSFET
capacitances Cpg and Cpg are charged up to a potential equal to the bus voltage. These
are nonlinear capacitances that vary inversely with voltage. These capacitances become
large when the junction voltages are low. However, since the energy storage is propor-
tional to the square of the voltage, the maximum energy storage occurs at 120 V. The
capacitive energy is dissipated in the MOSFETSs during the on-time, resulting in a loss

equal to

n
Py, =5 Cp+ Cps)Vsus i -
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To minimize the MOSFET losses, the number of parallel devices must be carefully
chosen. Neglecting gate drive losses, the MOSFET loss that is dependent on the number
of parallel devices is

P.=P,+P_, =f(n,lp7Vpar-D).
To find the value of n that yields the lowest value of Py, the partial derivative of P with
respect to n is set equal to zero:

Py

o

1 , 2 Rps,,D
n= BAT DSon ) (21)
Vaus Crfs

For nominal values of Rpg,, (70 mQ) , D (0.60), and C; (1100 pF) , the value n=4

0,

where the solution is

satisfies Eq. (2.1) for a median I;,; value of 16 A. With four MOSFETs, the effective

Rpson 18 18 mS2. The maximum conduction loss is

1

onmax —
n

P I;ATmax Dm R

ax **DSonmax

onmax —_

P = [% J (23A)*(0.7) (85mQ) =79 W.

The maximum switching loss P,,, is

n
Py = 5 (Cosma + CDGmx)V;US fs )

Py max = G ] (1200pF +500pF ) (120V)*(90KHz) =44 W.
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The maximum sum of P, and P, is Py,,,,=12.3 W. The maximum RMS drain current per
MOSEFET is (19.2 A)/4=4.8 A. Clearly, at low charging currents, the switching loss is
much greater than the conduction loss. As the battery current increases, the conduction

loss becomes a much larger portion of the total MOSFET loss.

2. Power Stage Design 11



. 2
Yeus  Lin s L, L
120V 13U [—| R51
T VBaT
Ry T
Ay C; 08 BATTERY
1 ~n
40m T 20U R52 53 -84V
Cgus “p
IZOOOU Y 220y D22-23 I

POWER MOSFETs: IRF250, FOUR IN PARALLEL

POWER RECTIFIERS D22-23: UES706, TWO IN PARALLEL

Fig. 2.1. Battery Charger Power Stage
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Waveforms of the MOSFET source voltage and drain current are shown in Fig. 2.2.
The MOSFET waveforms are clean and free of spikes due to the snubber placed across
the MOSFET drain and source, as shown in Fig. 2.1. When the MOSFETs turn off, the
drain current is rapidly interrupted. Without the snubber, a large positive voltage spike
would be induced on the drain because of the energy stored in the interconnection
inductance between the MOSFETs and C,, the input filter capacitor. As the MOSFETs
are turned off, the snubber provides a low impedance path for the drain current through

R51 and C32, thus preventing the generation of a voltage spike.

At the end of the MOSFET off-time, the snubber capacitor, C32, is charged up to
120 V. As the MOSFETS turn on, the energy in C32 is quickly discharged via diode D21

into the MOSFETs. The power loss of this snubber is

1
Pyt =5(C32)Vus fs

P = % (1000pF) (120V)* (90KHz) = 0.65 W.

2.2.2 Power Rectifiers

To meet current derating, two UES706 rectifiers are needed in parallel to form the
passive power switch. These 400 V rectifiers are rated for 20 A continuous current (at a
case temperature=100°C). Under normal operating conditions, the maximum total RMS

rectifier current is

LReCTmar = LpaTmax N 1 =Dy s
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_ —(64V) _
Lapcrmae = (23A)\ / L= aony = 1574

Therefore, each rectifier carries a maximum current of 7.9 A, which is 40% of the device
rating. Additional parallel rectifiers produce minimal gains in efficiency due to their
exponential voltage/current characteristic. Furthermore, the efficiency gain is offset by
the additional rectifier mass. The reverse voltage applied to these rectifiers is 120 V,

which is only 30% of the device rating.

The total maximum rectifier conduction loss is

VBA Tmin

Precr = Vf,max L RECTmax 1-

>
VBUS

64V
Prscr = (0. 7an\1-2¥ ~ 100w,
recr = (0.93V) (15.7A)\/ 1 120V oow

where the rectifier forward voltage (V,) is measured at 25°C.

Waveforms of the rectifier voltage and current are shown in Fig. 2.3. As shown in
Fig. 2.1, a snubber is placed across the rectifiers to damp out the high frequency oscilla-
tions that occur after the rectifiers turn on. The snubber capacitor, C33, charges up to the
bus voltage while the rectifiers are off. The energy stored in C33 is dissipated in R52, the

snubber resistor, when the rectifiers turn on. The rectifier snubber power loss is

1
Ponay =5 (C33Wpus f »

P .,= %(1000pF) (120V)* (90KHz) = 0.65 W.
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2.3 MOSFET Gate Drive Circuit

Designing a circuit to drive the four MOSFETS in parallel is a challenging task. As
shown in Fig. 2.4, the 90 KHz PWM drive signal is transformer coupled up to a 120 V
level. A 12 V dc bias supply, referenced to the MOSFET sources, provides the current
necessary to drive each gate capacitance. Therefore, the drive transformer does not carry
large pulsating currents which could couple noise back into the UC3823 PWM chip. In
order to minimize the interactions between the individual MOSFETs, a bipolar buffer
stage drives each MOSFET. Without these buffer stages, it is very difficult to switch the
MOSFETs cleanly. The differing Vg thresholds cause the devices to turn on at different
times, thus upsetting the current balancing. The resulting MOSFET turn-on transients
are skewed, and unless the individual gates are decoupled from each other, the device

switching can become erratic.

2.3.1 Drive Circuit Design

The frequency of the drive circuit is set by the timing components R28, C15, and
C16. A 0.6 mA reference current is established by the timing resistor R28 (4.7 KQ). To
fine-tune the oscillator frequency to 90 KHz, the value of R28 is adjusted. The constant
reference current produces a linear sawtooth ramp across pin 6 of the PWM chip where
the timing capacitors C15 and C16 are connected. Since each capacitor value is 6800 pF,
the effective timing capacitance value is 3400 pF. The amplitude of the ramp at pin 6 is
1.8 V. The timing capacitors form an ac voltage divider so that the ramp height is

reduced to 0.9 V. The reduced ramp is fed to the PWM comparator input at pin 7. As
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described in Chapter 3, for charger stability it is important to adjust the height of the
external ramp relative to the current sense gain. Since the signal at pin 6 hasa 1 V dc

offset, resistors R53 and R54 establish the proper dc level at pin 7.

Since the UC3823 PWM chip has a single-ended output stage, the frequency of the
PWM signal at the output (pin 14) is 90 KHz. The supply voltage to the UC3823 is 12 V
dc. Because there is a 1 V drop across the positive rail of the output stage, the PWM
signal at pin 14 switches between 11 V and ground. The 11 V PWM signal is ac coupled
through C9 to the drive transformer; therefore, flux balance is assured for the drive
transformer. Since the dc voltage across the transformer primary is zero, the average
voltage of the signal at pin 14 is dropped across C9. The drive circuit waveforms are

shown in Fig. 2.5.
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Since the drive transformer has a unity turns ratio, the voltage across the secondary
winding is 11 V. The PWM signal is ac coupled by C8 to the diode D8. The value of C8
is large enough (0.1 uF) so that the voltage droop across it is less than 0.5 V. Due to the
cumulative impedance of the transformer, C9, and C8, the PWM signal amplitude is
reduced to 10 V across D8. The dc voltage across C8 is the average voltage across D8.
During the "on" périod, the PWM signal is high, so D8 is biased off. Similarly, during
the "off" period, the PWM signal is low, causing D8 to conduct. The anode of D8 is tied
to the secondary ground, which is also connected to the MOSFET sources. Since D8
conducts during the "off" period, the PWM signal is -0.6 V during this period. As shown
in Fig. 2.5, during the "on" period, the PWM signalis 10 V - 0.6 V =9.4 V. To damp out
oscillations, R27 (1 K€) is placed in parallel with D§. This drive circuit easily handles
duty cycles ranging from 10 to 90%. This is important since the duty cycle will be as low

as 10% during the V/T mode.

The speed of the drive circuit is controlled by the exponential charging of C,
through R26. The selected speed is fast enough to efficiently switch the MOSFETSs while
minimizing the generation of electromagnetic interference (EMI). Very fast switching
speeds also produce higher rectifier reverse recovery current spikes which not only
exacerbate EMI problems, but also increase rectifier and MOSFET switching losses. The
value of R26 (470 Q) is chosen to control the base current in the driver transistors
(Q2-Q9). Through experiment, a value of 3900 pF for C6 is found to produce the best

switching speed.

Because the time constant of R26 and C6 is so long (1.8 uS), there is a long delay

before the MOSFET gate-to-source threshold voltage (V) is reached. This time delay is
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VetV
tD=—(R26)(C6)ln[1— TV ”E],

D8

3V+0.6V

=—(470Q F)ln| 1-
1, =—(470Q) (3900p )n( 94V

):0.9;15,

where Vy; is the base-emitter drop of the driver transistor, and Vpg is the "on" voltage
applied to the R26/C6 network. A 0.9 uS delay is unacceptable since it causes a large
phase shift in the frequency region where the control loops reach unity gain. To reduce
the propagation delay of the PWM signal, as shown in Fig. 2.4, C6 is placed in series
with a diode network. As shown in Fig. 2.5, C6 remains uncharged until Vg reaches 3.3
V, the voltage necessary to cause D7 and D5 to conduct. Therefore, the MOSFET gates
are very rapidly charged up to 3.3 V. As Vp, rises above 3.3 V, the diodes conduct,
allowing the charging of C6 to control the rise time of the MOSFET gate voltage. When
the voltage at the base of the drive transistor reaches V{+Vy=3.6 V, the MOSFETsS start
to turn on. The PWM signal delay is reduced to the time needed to charge C6 up to

VT + VBE - VD7 - VDS = 0.3 V:

Vot Vpe—Vp, =V,
t’D=-(R26)(C6)In[1— % ”5},

VD8 - VD7 - VDS

3V+0.6V -3V -0.3V
9.4V -3V -0.3V

'y, =—(470Q) (3900pF )ln(l - J =0.09 uS .

As indicated earlier, the bipolar driver transistors serve as a buffer to isolate the
four MOSFETs from each other. Each driver transistor acts as a voltage follower when
the MOSFETs are charged and discharged. The NPN transistor charges the
gate-to-source capacitance (2000 pF), and the PNP transistor removes this charge to turn
the MOSFETs off. Therefore, the peak gate voltage is one Vg drop below the peak of

the base voltage waveform shown in Fig. 2.5. This allows a peak gate voltage as high as
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8.8 V, thus driving the MOSFETs further into saturation. During the gate discharge
period, the gate voltage is one Vg drop above the base voltage waveform shown in Fig.
2.5. Therefore, the gate-to-source is pulled down very close to zero, providing several
volts of noise immunity. Because of the high current gain of the driver transistors, the
large (up to 1 A) current impulses needed to turn on the MOSFETs are derived from the
floating 12 V drive bias supply. Therefore, the drive transformer is practically free of

impulse currents, which reduces the noise coupled back into the PWM chip.

2.3.2 Drive Transformer Design

Since high magnetic coupling is needed, a toroid core is selected for the drive
transformer. As a result, the transformer has low leakage inductance, allowing for a fast
and noise-free PWM signal transmission. To further ensure high coupling, the turns ratio
is 1:1, and the primary and secondary windings are wound bifilar. To reduce the trans-
former size, a high permeability core material is needed. The material selected is a TDK
manganese zinc ferrite: HSB. The core permeability is 5000, and the material saturates at
3100 Gauss at 80°C. To guard against core saturation during startup and fault conditions,
the core size is selected to provide at least a 2 to 1 safety margin. The core size chosen is
T6-12-3, where the outer diameter is 12 mm, the inner diameter is 6 mm, and the height
is 3 mm. The primary and secondary windings each have 30 turns, so at 50% duty cycle

the maximum core flux density is

_(BE)0°
max T Af AN’
(11v)10

B .= 2 = 1180 Gauss,
4(90KHz) (.0865cm™)(30T)
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where E is the maximum primary voltage, A, is the core cross sectional area, and N is the

number of primary turns.

To reduce the voltage drop in the windings, a large gauge wire size (#23 AWG) is

used. Since each winding requires 18 in. of wire, the winding resistance is only 30 mQ.

To obtain low transformer magnetizing current, the primary magnetizing induc-

tance must be high. This transformer primary has an inductance equal to
L,= ALN2 = (1800nH /turn®) (30turns > = 1.6 mH ,

where A, 1s the core inductance per turn. The resultant primary magnetizing current is

_E (11Vv)
™ 4L, Fs  4(1.6mH)(90KHz)

I =19 mA pk — pk.

2.3.3 Bias Supply Design

To operate the bipolar driver transistors, it is necessary to have a +12 V bias power
supply referenced to the MOSFET sources. The design of this supply is shown in Fig.
2.4. This bias supply delivers the current needed to charge up the gate capacitances when
turning on the MOSFETs. Because a large amount of charge is needed in a short time to
turn on the MOSFETs, this supply must have a low output impedance and fast response.
Therefore, output filter capacitors C2-CS5 are located locally beside the collector of each
NPN driver transistor. Though the peak gate currents are nearly 1 A, the average current
delivered by this bias supply is only

n
IBIAS,ave = ECGS(VD8 = Vee)fs »
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4
Lpias. e = [5 ] (2000pF ) (9.4V —0.6V) (Y0KHz) =3.2 mA.

The bias supply output voltage is regulated at 12 V by the series pass MOSFET Q1.
The gate voltage reference for Q1 is held constant at 15 V by the zener diode D3. To
damp out high frequency oscillations, R24, a 10 Q resistor, is inserted between D3 and
the gate of Q1. For protection, D2, a 12 V zener, is placed between the gate and source of
Q1. The bias current for D3 is supplied through R25. To minimize the power dissipation,
the selected value of R25 is high (1M Q). Since the average voltage at the anode of D3 is

that of the battery, the maximum voltage across R25 is

Viessmar = Vaus — Vpr = Vo3 = Vparmn = 120V = 0.7V - 15V =53V =513 V.
The resulting dc bias current into D3 is

Io= VR2smax 513V
D3 R25 T 1MQ

=51 pA,

which dissipates this power in R25:

Pros = Viosmar Ips = (51.3V) 51pA) =3 mW.

To maintain a steady voltage across D3, a large capacitor, C1, is placed in parallel
with D3. To prevent the discharge of C1 during the power stage MOSFET on-time, D1 is

inserted between Q1 and Cin, the charger input filter capacitor.

2.4 Input Filter

Due to the pulsating nature of the input current to the battery charger, an input filter
is needed to attenuate the conducted emissions to the spacecraft bus. As shown in Fig.

2.1, the input filter is primarily composed of a single section formed by L;, and C,,.
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2.4.1 Filter Design

The capacitor selection for C, is dependent on the maximum current drawn by the
battery charger. Since the RMS current in C,, is high, it is necessary to select a capacitor
with a low ESR; therefore, a polycarbonate capacitor is chosen. Thus the losses in C,, are
minimized. Though the volume of these capacitors is large, the capacitance per unit mass
is comparable to that of electrolytic capacitors. Under maximum load, the charger input
current can be accurately approximated by a PWM squarewave. Under this assumption,
the RMS value of the current in C,, is

I, Lourma ND D

in,rms =
The maximum value of I, . is found by solving for the derivative of Iy, s With respect

to D and setting the result equal to zero:

dICin rms
—=(.
dD
The solution occurs at D=0.5, where
1 1
ICin,max = EIBATmax = 5 (23A) =115A.

To handle 11.5 A RMS of ripple current, two 10 UF polycarbonate capacitors (part
number CFR14LLC106) are used in parallel. These capacitors are rated for 10.9 A RMS
(at 85°C); therefore, each capacitor is safely stressed up to only 53% of its current rating.
The voltage rating of these capacitors is 200 V. Since the maximum applied voltage is
120 V, these capacitors are only stressed at 60% of their voltage rating. Since the ESR of
each capacitor is 9 m{, the effective ESR of C,, is only 4.5 m{2. The maximum power

loss in each capacitor is
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2
Pe, = (%} 4.5mQ)=0.15W.

The equivalent series inductance (ESL) of these capacitors is also very low: 24 nH.

Therefore, the resonance of each capacitor and its ESL is adequately high: 325 KHz.

To reduce mass, the filter resonant frequency is chosen as high as possible while
maintaining low output impedance and adequate ripple current attenuation. In order to
meet these objectives, a value of 13 uH is needed for L,, . The resulting filter resonant
frequency is

1 1

= = 987 KHZ
2m\L,,Cin  27V(13uH ) 20pF)

.ﬁ),in =

Lossless damping of the input filter is provided by the ac coupling of R, across C,.
To produce low peaking in the filter transfer function at the resonant frequency, the

value of R, is chosen to be equal to Z,;,, the filter characteristic impedance:

Lin 13HH
ZOJ”_VVC‘-"_VZO“F —O.SQ.

The Q of the input filter is

_Zoin_(08Q)
TR, (08Q)

Qin

Since Cp, the 220 pF ac coupling capacitor, is in series with R,, the ESR of this
capacitor need not be low; therefore an electrolytic capacitor is chosen. Because
Cp » C;, , the damping resistor, R,, appears in parallel with C;, and L;, at the filter reso-
nant frequency. Therefore, the filter effectively has a second order response [2]. The

input filter transfer function, H(s), can accurately be approximated by
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1

H(s)= -
1 +R¢:s +L,C,,s?

A plot of this transfer function is shown in Fig. 2.6, where the 10 KHz resonant peak in
the filter gain is only +1.8 dB. Furthermore, it can be seen that the input filter provides
-38 dB attenuation of the 90 KHz current harmonic. This transfer function is valid for
both directions of signal flow. More specifically, the charger’s input current ripple is
attenuated in the same manner as is the bus voltage ripple across this filter. As shown in
Fig. 2.7, in the bus voltage regulation mode, the maximum charger input current ripple is
320 mA pk-pk, and the 90 KHz bus voltage ripple is less than 30 mV pk-pk. The bus
voltage ripple is primarily the product of the charger input current ripple and the ESR of

the bus capacitor.

The output impedance of this filter as seen by the charger is

L;,s

Z(s)= L
1 +#S +L,~,lCi,,SZ

2
A plot of the output impedance of this filter is shown in Fig. 2.8. The peak output
impedance at the resonance is -1.8 dB, or 0.8 Q, which is the value of R, . At low fre-
quencies, the impedance is determined solely by L;, , and above the filter resonance, the

impedance is determined by C,, .
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2.4.2 Input Filter Inductor Design

The maximum current flowing in L;, occurs when the charger is delivering 23 A to

a 64 V battery. Under these conditions, the current in L, is

_ VBATIBAT
Lin,max n VBUS ’
_(64V)(234)

Linmax = () 94 (120V) 1304,

where 1 is the charger efficiency. To handle this large amount of dc current, a molyper-
malloy powder (MPP) toroid core is used. MPP cores are capable of supporting a high
level of dc flux with minimal permeability reduction. To select the core size, the
maximum inductive energy storage must be calculated:

1
E,, ==LI

2 in® Lin,max >

E, =%(13pH)(13A)2= 1.1mJ.

The smallest core capable of storing this amount of energy is the Magnetics 55848. The

N = /L,-,,l,,,lOs
L™ N 0.4mpa ’

_ ,\/ (13uH ) (5.09cm?)10°
LN 0.41(60) (226cm?)

required number of turns are

=19.7T~20T,

where /,, is the mean core magnetic path length, [ is the core permeability, and A is the

core cross sectional area.
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The amount of core permeability reduction under maximum current must be deter-

mined. First, using Ampere’s Law, the maximum value of H;,, the magnetic field, must

be found:
3 0.4nt N;;, ILin,max
Lin — lm ’
_0.4n(20T) (13A4) _ 64 Oersted.

B (5.09cm?)
From the dc magnetization curves in the Magnetics data book, for the maximum level of
Hy;,, the core permeability is reduced by 24%. Therefore, the inductance of L, falls to 10
UH under worst case conditions. Also determined by the magnetization curves, the max-

imum core flux density is 3300 Gauss, well below the saturation level of 7000 Gauss.

The maximum ac current in L, is 0.11 A RMS, resulting in a 0.64 V RMS drop.

The induced ac flux density is

“ " 4ANf; ’
(0.64V)10°

B, = > =39 Gauss.
4(0.226cm*) (20T ) (90K H?)

From the Magnetics 60 L core loss curves, this level of B, causes a very small core loss:

P, =(0.02W/Lb)(0.023Lb)=0.5 mW.

The inductor is wound with #15 AWG wire. Since 20 turns requires 22 inches of
wire, the winding resistance is R,;, = (22irn) (0.27mQ/in) = 5.9 m ). The maximum cop-
per loss in L, is

P, =1 .. R, =(3AY(59mQ)=099 W.

cu  *Lin,max
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The windings are spaced far enough apart to minimize the parasitic capacitance. Since
the winding capacitance is only 2.6 pF, the self-resonance of this inductor is very high:
27 MHz. This is very important in reducing the conducted emissions and susceptibility

of the battery charger.

2.5 Output Filter

Since the battery current must have a very low ripple content, a two section output
filter is used. If a single inductor were to be used as the output filter, the inductor mass
would be prohibitively large. As shown in Fig. 2.1, the output filter is composed of L,
L,, and C,,. The filter component values are selected to give the required current attenu-

ation while minimizing losses and mass.

2.5.1 Filter Design

The first inductor, L, reduces the 90 KHz ripple current to 5.5 A pk-pk. The sec-
ond inductor, L,, reduces the ripple to below 230 mA for an overall filter current attenu-
ation of -42 dB. Both current ripple waveforms are shown in Fig. 2.9. The center leg of
the output filter contains C,,, in series with R, , a damping resistor. The value chosen for
C,u 18 47 UF since this amount of capacitance is needed to keep the ac voltage across C,,
less than 1 V. This greatly simplifies the output filter design and analysis since the C,,
ripple voltage can be assumed to be zero. Since C,,, is in series with R,, the ESR of this
capacitor need not be low, so an electrolytic capacitor is used. To achieve the necessary
filter attenuation, an inductance of 6.6 puH is chosen for L,. The filter characteristic

impedance is
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_ /Lr _[e6uH _
Z,= C,M_\/ 2o =057

L= LL, (58uH)(7.5pH)
T L+L, 58uH +7.5uH

where

= 6.6 uH,

and C’,,, is the value of C,, at 10 KHz. (The capacitance of the capacitor used for C,,

decreases with frequency.)

For effective damping, the value of R, is kept close to Z, so that the filter Q is close

to unity. The Q of the output filter is

Zy_057Q

=—=—>=109.
R; 0.3Q

Qo

The R, value, however, must also be minimized to reduce losses. The switching

ripple current in L, flows through R,. Therefore, the power loss in R, is

I 2
Li,pp
Py, = R,,
R3 (2 (-3 J 3
(5.54)

PR3=(2—\[3—

Since the ESR of the capacitor selected for C, is 0.3 €2, a separate resistor for R, is not

2
) 03)=0.76 W.

needed.

The transfer function of this filter, interpreted as the response of the currentin L, to

achange in the currentin L, is
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A

i 1+R,C,,s
HO(S)=¢L2= 3% owr

iry 14RC,us +L,C,,s°

where Ryp,r is assumed to be zero since R;» Rp,r. A plot of this transfer function is

shown in Fig. 2.10. At 13 KHz, there is a complex pole set due to C,, and L,. There is
also a zero at 26 KHz caused by C,, and R,. Thus the transfer function has a -20 dB per

decade slope at 90 KHz.
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2.5.2 Inductor L, Design

The design of L,, the main energy storage inductor, is crucial since this component
has a great impact on the charger’s efficiency and mass. To facilitate the selection of the
best design for this inductor, all the inductor design equations were placed in a spread-
sheet program. By incorporating different core sizes and design parameters in the
spreadsheet program, it was possible to choose an inductor design that minimized the

mass and losses.

A cut C-core with 1 mil laminated Metglas was chosen for this inductor. Because
of the thin laminations and the high resistivity of Metglas, the core losses are less com-
pared to other laminated core materials. Since the saturation flux density, B,,,,, is so high
(1.4 Tesla) for this magnetic material, the mass of this inductor can be minimized. This is

seen in the relation [3] used to select the core size through the area product A,;:

116
A. =0 84’:L11§ATPK:|
p=VY. - )

maxK w

(58UH ) (25.75A)
(1.4T7)(0.4)

271.16
Ap =0.84[ ] =0.0375 in*,

where Ky is the core window area utilization factor. Ky, is defined as the ratio of the total
conductor cross sectional area to the available core window area. Since Ky, = 0.4, the
remaining 60% of the core window area is needed for the bobbins and conductor insula-
tion. To maximize Ky, copper foil is used as the conductor. Thus the copper loss of the

inductor is minimized.
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After evaluating numerous cores with area products close to the value calculated
above, the Magnetics core MC1200 was selected. To calculate the required number of
turns, the energy storage and the current density was determined. The maximum induc-

tive energy storage is

1
W, ZELIIZIpmk )
1
W, = 3 (58UH ) (25.75A4)* =0.0192 J.
The current density is

4.805W,

Ju=p >
BmaxKWAp

4.805(0.0192J)

L =5.07 Aimm?,

" (1.3T)(0.4)(0.035in°)

where the actual A, value is used, and the maximum value of B,,, is 1.3 T for safety

purposes. The required number of turns is

_ AwKdy
Ll

b

1 BATmax

_ (242mm®) (0.4) (5.06A/mm?’)

N
L (234)

=213T,

where Ay, is the core window area. To obtain an even number of turns, the value of N, is
set to 22. As shown in Fig. 2.11, the inductor is wound with two separate bobbins, each
containing 11 turns. This split winding approach halves the core gap loss produced in a
single bobbin inductor [3]. The bobbins are cut from 40 mil thick fiberglass tubes that

are sized to fit snugly over the core.
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Since the length of the core window is 1 inch, the copper foil is cut to 0.9 inch to
provide a 0.05 inch margin at each end of the winding. The necessary thickness of the
copper foil is

1.55A4Ky
Tf - ’
N,G

_ 1.55(242mm?)(0.4)
5= (22T)(0.9in)

=7.5 milsfturn,

where G is the width of the copper foil. Due to constraints in the availability of copper
foil, the conductor is formed by stacking 5 mil and 2 mil foils. To wind each bobbin, 28
inches of foil are needed. The resulting total winding resistance is 6.4 m€. The maxi-

mum copper loss is Pcy = (234)*(6.3mQ)=3.33 W.

To insulate the turns from each other, the copper foil stack is covered with 2 mil
thick Kapton tape. This tape is very durable and has excellent dielectric properties. To
minimize the copper losses, it is important to use a very thin tape so that thicker copper
foil can be used. Thin tape, however, increases the winding capacitance. For this induc-
tor design, the winding capacitance is 20 pF, which results in a sufficiently high resonant

frequency (5 MHz).

Due to the high permeability of the core material, the inductance is determined

from the length of the core gap. From [3], the total gap length is

0.4 NLAL107
l,= L ,

- 0.41(22T)*(0.605¢m*) 107
£ S8uH

=0.0636 cm,
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where A. is the core cross sectional area. Since there is a thin insulation layer on each

lamination, the effective value of A is 80% of the overall core cross section area.

Because of the fringing flux at the gaps in the core, the inductance is increased. There-

fore, to obtain the required inductance, the gap length must be increased. The new gap

length is

pro g 1ate g 3:08G

, (0.0636¢cm) . { 5.08(0.9in)
I, =(0.0636cm)| 1+ In =0.086 cm.

V0.605cm?) \ (0.0636¢cm)

Since the total gap length is 0.086 cm, the gap in each individual leg is 0.043 cm, or 17

mils. Because it is an incompressible material, nomex is used to form the 17 mil spacers

in each core leg.

The gap length, /., must be minimized to reduce the fringing flux, which causes a

gap loss when eddy currents are induced in the core laminations. The gap loss, Pg, is

largely dependent on the ac flux density, B,., where

_ 628 x10°N, I,
ac lg/ ’

_ 6.28 x107°(22T)(5.5A)
@ (0.086¢m)

B =0.088 Tesla,

where I, is the peak-to-peak amplitude of the current in L,. The resulting gap loss is

P, =0.099Dyl’ f;BL

P, =0.099(0.375in) (0.086cm ) (90KHz) (0.088Tesla)’ = 2.23 W,
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where Dy, is the lamination width. The core loss, P, is highly dependent on the switch-

ing frequency:

P.=3.42x10"°A1,BZ"f>,

P, =3.42 x 107°(0.604cm*) (9.53cm) (0.088Tesla )™ (90KHz) > = 1.55 W,

where I, is the core magnetic path length [3]. The total core loss is
P-+P;=38W.
The maximum total inductor loss is

Pror =Py +Pe+Py=333W +38W =7.1W.

2.5.3 Inductor L, Design

To reduce the battery current ripple below 230 mA pk-pk, L, must be 7.5 pH.
According to NASA, there is approximately 5 ft of cable connecting the charger to the
battery. This cable length was installed in the prototype charger power system. The
inductance of the cable was measured at 1.2 yuH. Therefore, the remaining 6.3 pH of L,
consists of a discrete inductor. An MPP toroid core was selected for this inductor. To

select the core size, the maximum inductive energy storage was calculated:

1
Ep, :"Z‘Lz I;AT,max ’

E,= % (6.3uH) (234 = 1.7 mJ.

To store this amount of energy, the Magnetics 55848 core is chosen. The required num-

ber of turns are
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N = ( L,l,10°
27N 0.4npA’

_ [ (6.3uH) (5.09cm?)10?
2= 0.47(60) (.226cm?)

=14 Turns,

where /,, is the mean core magnetic path length, | is the core permeability, and A is the

core cross sectional area.

The amount of core permeability reduction under maximum current must be deter-

mined. First, using Ampere’s Law, the maximum value of H;,, the magnetic field, must

be found:
0.476 NLZ IBAT,max
L2 = l )
0.41(14T) (23A
12 = ul )(2 )=79 Oersted.
(5.09cm*)

From the dc magnetization curves in the Magnetics data book, for the maximum level of
Hi,, the core permeability is reduced by 33%. Therefore, the inductance falls to 4.2 pH
under worst case conditions. However, the inductance of the battery cable is not a func-
tion of current. Thus the minimum total L, value is 5.7 pH, a 24% reduction from nor-
mal. Also determined by the magnetization curves, the maximum core flux density is

3900 Gauss, well below the saturation level of 7000 Gauss.

The maximum ac current in L, is 0.082 A RMS, resulting in a 0.23 V RMS drop.

The induced ac flux density is

_ Egys10°
“ " 4ANf;’
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(0.23V)10°

a = =20 Gauss.
4(0.226cm*) (14T) (90KHz)

From the Magnetics 60 L core loss curves, this level of B, causes a very small core loss:

P..=(0.006W/Lb)(0.023Lb)=0.2 mW.

The inductor is wound with four parallel strands of #18 AWG wire. Since 14 turns
requires 18 inches of wire, the winding resistance is

R,,=(18in)(0.133mQin)=2.4 mQ.
The maximum copper loss in L, is

P, =Iprmx Ry = (Q3AY (2.4mQ)=127W.

2.6 Summary

The design of the power stage has been presented for the Space Platform power
system. Mass and efficiency are the major design constraints. Therefore, the power
switching components and the input and output filters are designed for minimum losses
and mass. A summary of the power stage component masses is given in Table 2.1, where

the total mass is 309 grams (10.9 oz).

A graph of the battery charger efficiency is shown in Fig. 2.12. The housekeeping
power consumption is not included in these measurements. Since this power is typically
only 0.6 W, this omission has virtually no effect on the overall charger efficiency. These
measurements are made with four Fluke model 77 digital multimeters (DMM). The

charger input and output voltages are measured directly with a pair of the DMMs. The
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charger input and output currents are measured by sensing the voltage across precision
noninductive 0.01  meter shunts installed in the charger input and output lines. Since
the current signals have an appreciable 90 KHz ripple content, the shunt voltages are fed
through a low-pass filter before being routed to the DMMs. Thus any measurement

errors due to high frequency limitations of the DMMs are eliminated.

The worst case charger efficiency occurs when the battery voltage is 64 V. The
efficiency is lowest here since the power rectifier voltage drop is the highest percentage
of the battery voltage. Furthermore, with low battery voltage, the input current to the
charger will also be maximum, causing maximum conduction losses in the input filter

and power semiconductors. As expected, the efficiency increases with battery voltage.
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Table 2.1. Power Stage Component Mass

Mass (each) Mass (total)
Component Value Quantity (grams) (grams)

L, 13 uH 1 26 26

C, 10 uF 2 33 66

Co 220 uF 1 20 20
MOSFET IRF250 4 13 52
Rectifier UES706 2 7 14
L1 58 uH 1 94 94
Cou 47 uF 1 9 9
L2 6.3 uH 1 28 28

Total 309

. Power Stage Design
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Fig. 2.12. Battery Charger Efficiency
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3. Current Regulation Mode

3.1 Introduction

This chapter describes the design of the two battery regulation feedback loops:
charge current and V/T. As shown in Fig. 3.1, the charger has three basic control loops
that are ORed together to produce a control signal, v, which is fed to the PWM circuit.
Since each loop has an integrating error amplifier, only one loop is active at a time. The
voltage loop senses and regulates the bus voltage during the transition from eclipse to
sunlight. Thus during the voltage regulation mode, the charge current and V/T loops are
inactive. When the solar array generates enough power to charge the battery and to sup-
ply the load required by the spacecraft, the charge current loop is activated. The charge
current loop regulates the battery charging current according to Ipge, the commanded
rate. When the battery approaches a full state-of-charge, the V/T loop controls the
charging current according to the battery voltage and temperature. For the charge current
loop, average current mode control is implemented through the integrating error ampli-
fier U4. Furthermore, for each loop, current injection control is employed by summing
ig, the instantaneous inductor current, with the control signal v.. The resulting signal, v,,

1s compared against a ramp to generate a PWM signal (d) to control the power stage.
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Fig. 3.1. Battery Charger Control Circuit
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3.2 Charge Rate Selection Circuit

The primary purpose of the charger is to control the manner in which energy is
returned to the battery. Proper design of the charge current regulation circuitry is neces-
sary to ensure that the batteries will be recharged in a manner enabling them to last
through the tens of thousands of cycles in their five year life span. The batteries are
charged at the 16 different current levels provided by the rate selection circuit. The
commanded charge rates range from 0.85 A to 23 A, with 1.5 A increments between
each charge rate. Rate 1 is 0.85 A which corresponds to C/60 where C is the battery

ampere-hour capacity. Since rate 16 is 23 A, this corresponds to (50 AH)/(23 A)=C/2.2.

3.2.1 Current Sensing

In order to properly regulate the dc level of the charging current, the battery current
must be sensed accurately. A dual current transformer approach was used in this design
because it is an accurate and high speed current sense method. As shown in Fig. 3.2, a
current transformer (CT), T2, senses the MOSFET drain current, another CT, T3, senses
the rectifier current, and the two signals are added together. The result is ig, a replication
of the instantaneous current in L,. The current sense gain is designated as K; as shown in
Figs. 3.1 and 3.7. Because the current in L, is sensed, the actual battery current, iy ,, is not
directly regulated. However, because the average values of the inductor currents are
identical, this method of current sensing enables regulation of the dc current into the

battery.
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The CTs are carefully designed so that the current sensing error is less than 1%.
The current sensing accuracy is limited by the CT magnetizing current; therefore, the CT
magnetizing inductance must be large. However, to minimize mass, the CT core size
must not be too large. To satisfy these requirements, the Magnetics core 50153-1F is
used. This toroid core consists of a 1 mil thick continuously wound supermalloy tape.
The high core permeability makes it possible to obtain a high inductance without an
excessive number of turns. The CT is designed with 200 turns of #30 AWG wire. The

inductance of CT winding is

_ (12000) (4007 x 107" H/cm) (2007 )* (0.038cm?)

L
cr 3.49¢cm

=45mH,

where | is the core permeability, A, is the effective core cross sectional area, and [, is

the core magnetic path length. The maximium core magnetizing current is

VouT,

ont on,max

Ly =——,
" 2er

_ (V) (8uS)
m%  2(45mH)

=0.27 mA peak,

where V,, is the maximum CT secondary voltage during the period T, occuring
under maximum duty cycle. Since the turns ratio is 200:1, the maximum CT secondary
current is Iyapm., /200 = (23 A)/200 = 115 mA p-p. The error due to the magnetizing
current is

0.27mA

115mA =0.23%.

CTerror =
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The maximum core flux density is

B - V,,10°
mx T 4fAN

3W)10°

Bmax= =110 Gauss,
4(90KH?z) (0.038cm?) (200Turns)

which is well below the core saturation level of 6500 Gauss.

To reset the CTs, the diode networks formed by D12-15 are used. During the CT
"off" time, the voltage across the secondary winding changes polarity, causing the zener
diode to conduct. Thus volt-second balance is achieved. To ensure core resetting under
all conditions, the zener voltage must be adequately high. The maximum volt-seconds
during the CT "on" time is V,,T,, nax = (3V) (8US) =24 uVS. To reset the CT, the fol-

lowing reverse voltage must be applied to the secondary during the "off" time:

y o 24WVS _ 24pvs

- = =77V.
T To—8uS  11.1uS —8uS 77

Since the zener voltage is 10 V, the CT is reset under all conditions.

The current sense gain is

K = R32 20Q2

=N = 500rars = 0.1 VIA =-20dBQ.

An oscillograph of the voltage across R32, the current sense resistor, is shown in
Fig. 3.3. To filter out the high frequency spikes in the voltage across R32, the low pass
filter formed by R31 and C18 is used. The filter corner frequency is

1 1
Ju = 2nxR31 xCI8 ~ 2m(82Q) (3300pF)

=590 KHz.

As shown in the bottom waveform in Fig. 3.3, the voltage spikes are smoothed out.
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R33, a 100 € resistor, and test points TP1 and TP2 are provided to allow injection

of a transformer coupled signal so that the current feedback loop can be measured.

3.2.2 Rate Selection Circuit Design

As shown in Fig. 3.1, the sensed current signal, i, is fed to an error amplifier (U4),
where it is subtracted from Iz, the charge current reference signal. As shown in Table
3.1, there are 16 different commanded values of battery charge rates. The 16 different
values of I are provided by the digital-to-analog (D/A) converter shown in Fig. 3.4.
The error signal, ig - Iz, 1s integrated by the amplifier, so the steady-state current regu-
lation error is zero. Since the dc value of the battery current is regulated, this amplifier
produces average current mode control [6]. The amplifier gain is

1 1
Ay, = = .
Y 2nfxR34 xC20  2mf(33K Q) (3300pF)

This gain is selected to provide a high (-36dB) attenuation of the ripple content of i.
Since the amplitude of the ac portion of ig is (5.5 A)/K; = 0.55 V p-p, the 90KHz com-
ponent of v,, the amplifier output signal, is only 9 mV p-p. Therefore, v, is essentially
pure dc and insensitive to variations in the peak-to-peak amplitude of i, ; occurring under
different duty cycles. The v, signal is subsequently added back to the sense signal, i, and
the resulting waveform is compared against a sawtooth ramp to generate the duty cycle.
As detailed in the Section 3.6, the addition of ig to v, produces the benefits of conven-

tional current mode control.
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Table 3.1. Charge Current Rate Selection

CHARGE CURRENT COMMAND DATA

RATE (AMPS) S1 S2 S3 S4
1 0.85 0 0 0 0
2 2.33 0 0 0 1
3 3.80 0 0 1 0
4 5.28 0 0 1 1
5 6.76 0 1 0 0
6 8.23 0 1 0 1
7 9.71 0 1 1 0
8 11.19 0 1 1 1
9 12.66 1 0 0 0
10 14.14 1 0 0 1
11 15.62 1 0 1 0
12 17.09 1 0 1 1
13 18.57 1 1 0 0
14 20.05 1 1 0 1
15 21.52 1 1 1 0
16 23.00 1 1 1 1
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Since there are 16 charge current rates, the digital command contains 4 bits. In the
absence of a computer, the commands are issued manually by switches S1-4 across
pulldown resistors R11-14. Capacitor C22 provides debouncing of the manual switch
commands. The D/A converter is formed by four CMOS buffers in U5 and the binary
resistor network of R10, 9, 5, and 7. To ensure high accuracy for the charge current ref-
erence signal (izgr), the values of R10, 9, 5, and 7 (10, 20, 40, 80 KQ) are much higher
than the saturated channel resistance (100 Q) of the CMOS buffers. To provide the
necessary dc offset, the voltage divider formed by R61 and R63 is used. When the com-
mand (0,0,0,0) is issued, the value of izg: must be (Rate 1)K; = (0.85 A)(0.1 V/A) =
0.085 V. In this case, since R10, 9, 5, and 7 are switched to ground, the following

relation holds:

R, || R63
R,||R63 +R61’

iper = (SVref)

444K Q|| R63
4.44KQ | R63 +R61’

0.085V = (5Vref) (3.1)

where

2
4
R =RIO||R9 ||RS5 | R7 =[§] RI10 2(6)(101(9):4.44 KQ.

When the command (1,1,1,1) is issued, the value of izz: must be (Rate 16)K; =
(23.0 A)(0.1 V/A) = 2.30 Vdc. In this case, since R10, 9, 5, and 7 are switched high to
the 5 V reference, the following relation holds:

R63
R.||R61 +R63’

iper = (SVref)

R63
4.44KQ || R61 +R63

230V = (5Vref) (3.2)
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The solution of Egs. (3.1) and (3.2) is R61 = 141 KQ and R63 = 4.4 KQ. The val-
ues of these two resistors are adjusted slightly during test to account for initial compo-

nent tolerances. The increment between adjacent values of igg is

(Rate16—Rate1)K;  (23.0A —0.85A4)(0.1V/A)
(Total # of rates)—1 16-1

=(0.148 V.

To assist during testing, a method is provided for continuous adjustment of the
charge current reference signal. By adjusting the 100 KQ potentiometer P1, the value of
ixgr can be varied continuously from O to 2.3 V. To disable this adjustment, the jumper

between P1 and C22 is removed.

The accuracy of the charge current regulation circuit is shown in Table 3.2. Since
the error specification is 1% of the full scale battery current, the regulation error must be
less than #0.23 A for each charge rate. As shown in Table 3.2, the measured regulation
error meets the specification for each charge rate. Since the charger is in DCM, the cur-
rent error for rate 1 is much larger than the error for rate 2. In DCM, the ringing in the L1
inductor current waveform during the dead-time causes the relatively large current error

for rate 1.
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Table 3.2. Charge Current Regulation Accuracy

Commanded Actual Current
Rate || Current (A) Current (A) Error (A)
1 0.85 0.64 -0.21
2 233 2.36 0.03
3 3.80 3.74 -0.06
4 5.28 5.24 -0.04
5 6.76 6.70 -0.06
6 8.23 8.21 -0.02
7 9.71 9.66 -0.05
8 11.19 11.16 -0.03
9 12.66 12.69 0.03
10 14.14 14.20 0.06
11 15.62 15.66 0.04
12 17.09 17.18 0.09
13 18.57 18.66 0.09
14 20.05 20.19 0.14
15 21.52 21.66 0.14
16 23.00 23.20 0.20
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3.3 V/T Control Circuit

As the battery is charged at a constant current, the battery voltage rises until the
V/T control circuit is activated. The V/T control circuit, shown in Fig. 3.5, gradually
reduces the current until the battery is fully charged. The battery voltage is sensed with a
voltage divider containing a thermistor to account for the effects of battery temperature.
The battery state-of-charge is dependent on temperature. Therefore, to ensure proper

charging of the battery under all conditions, there are several V/T reference levels [5].

The V/T control circuit design is based upon the set of battery V/T curves. A set of
V/T curves for the Space Platform nickel hydrogen batteries is shown in Fig. 3.6.
Though the Space Platform V/T control circuit is to have eight V/T curves, for simplic-
ity, only three curves are used in this prototype charger design. The bottom curve (1), is
used at the beginning of life for the spacecraft. As the battery degrades, it is necessary to
switch to higher curves to ensure full charging of the battery. Therefore, at the end of life
for the battery, it will be necessary to operate on curve 3, which is 7% higher than curve

1.

The temperature of the batteries will be maintained between -10 and +20°C. Since
the voltage of a fully charged battery is temperature dependent, the V/T curves have a
particular slope: -0.2 V/°C. Thus for a given V/T curve, the voltage at the end of charge

is 8% higher at -10°C than at +20°C.
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As shown in Fig. 3.5, to simulate the battery thermistor, a potentiometer (P2) is
inserted in the resistive divider used to sense the battery voltage. To minimize power
dissipation, the total divider resistance (R; = Rp, + R37 + R38) is carefully chosen. For a
power loss less than 1/8 W, the total resistance must be greater than

 Viatmas _ (84V)

TT8W)  (0.125W) 36 KQ.

Since the nominal divider output voltage (Vyr) is chosen as 2.5 V, the value of R38 can

be selected:

R38 > ViR _@23V) (56KQ)=

> 1.7KQ.
VbaTmas (84V)

Thus R38 is set to 2 K. To find the values of R37 and Ry,, the following nominal con-
ditions are assumed: Ry, =74 V, Ry, =0, T =-10°C, and Vyg = 2.5 V. The sum of R,

and R4, is

(VBAT - VVI')

Ryp =R37 +R,, =R38 ,
Vir

(3.3)

(74V -2.5V)

25y =57 KQ.

Ryp=(Q2KQ)

Thus R37 = 57K Q. When the battery temperature increases to +20°C, Vy must decrease
by 8%: V' =V1(0.92) = (2.5V)(0.92) = 2.3V. Using Eq. (3.3), the new value of Ry,
must be

(74V —2.3V)

=62 KQ.
2.3V 6

R, =(KQ)

The 5 KQ difference between R’,, and R, is the value needed for P2. As shown in Fig.

3.7, the battery temperature is simulated by the potentiometer P2. Full clockwise rotation
corresponds to +20°C and Rp, = 5 KQ. At full counterclockwise rotation, the P2

resistance is zero, indicating a temperature of -10°C.
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As shown in Fig. 3.5, the sensed battery voltage (Vy) is subtracted from a refer-
ence voltage, and the error signal is amplified by U3. The feedback capacitor C25 is
selected to give a low amplifier bandwidth:

1 1

= =127 Hz.
2mR37 < C25 - Zr(5TK Q) 0022pF) - 21 12

The U3 bandwidth need not be high because the battery voltage changes very slowly.
The V/T feedback loop analysis is identical to that of the charge current regulation loop

which is covered in Section 3.6.

Since the V/T circuit is controlled by a digital signal, a D/A converter is used to
generate the three V/T curves. Since the control signal consists of 2 bits, there are 4 pos-
sible V/T commands. As shown in Fig. 3.6, three commands are used for V/T curve
selection, while one command is used to disable the V/T control circuit. In the absence
of a computer, the commands can be issued manually by switches S5 and S6 across the
pulldown resistors R18 and R16. Capacitor C24 serves to debounce the signals from S5
and S6. The D/A converter is formed by the U5 CMOS buffer gates and the binary
resistor network of R17 and R15. Since the channel resistance of a saturated CMOS gate
is fairly high (100 Q), R17 and R15 must be at least 10 KQ to minimize inaccuracies in

the D/A converter. Thus R15 is set to 18 K€, and

RI17=2(R15)=2(18KQ) =36 KQ.

To obtain the 7% shift between V/T curves 1 and 3, the values for R19 through R22
must be determined. Four resistors are used in this voltage divider so that precision volt-
age reference levels can be obtained. The D/A converter output tracks the value of Vyr,

which is nominally 2.5 V. Therefore, nominally
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RI9+R20 =R2] +R22 =R,

where Ry, is to be determined. It is assumed that curve 1 is selected, and Vyp = 2.5 V.
Therefore, R15 and R17 are switched to ground by the D/A converter, and the following

equation holds:

Vir  RI5S|RI7|IRy
5Vref RIS||RI17||Rp+Rp’

25V 18KQJ36KQ || Ry
5V 18KQ || 36KQ||Rp+Rp

(3.4)

When curve 3 is selected, Vyp will be 7% higher, which is (2.5V)(1.07) =2.675 V. The

D/A converter will switch R15 high and R17 low, so the following relation holds:

Vir RI7 || R
5Vref RI7 ||Rp+Rp|| RIS’

2.675V 36KQ || Rp
5V 36KQ||Rp+Rp| 18KQ°

(3.5)

The solution of Egs. (3.4) and (3.5) is Ry = 1.3 KQ. To eliminate the initial tolerances of

R15, R17, and the 5 V reference, the values of R19-22 are adjusted during test.

When the V/T command signal is (1,1), the V/T control circuit is disabled. The
MOSFET Q10 saturates, allowing Q11 to be biased on. Therefore, the negative input of
U3 is pulled low, forcing the output of U3 to be high. The Q11 base current is controlled

by R23, and R50 holds the base voltage near ground when the V/T circuit is enabled. For
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protection, a 10 V zener diode is placed across the gate and source of Q10. When the
command is (S5,S6) = (0,0) or (1,0), Q10 is biased off, along with Q11. When the com-
mand is (0,1), Q10 is biased on, but Q11 cannot be turned on because the drain of Q10 is

grounded.

3.4 Small-Signal Modelling

In order to design the charger control loops, it is desirable to simplify the power
stage. The input filter (L, and C,, ) can safely be deleted, assuming that there is no
undesired dynamic interaction between the filter and the regulator. Furthermore, since
L, >» L,, the output filter can be accurately represented as a single inductor, Lg, whose
value is L, +L,. As shown in Section 3.5.1, by deriving the duty cycle-to-L; current
transfer function, it can be shown that C,,, can be neglected in the charger small-signal

analysis.

To facilitate the design of the control loops, the PWM switch model [4] is used to
characterize the switching action of the power stage MOSFETs and rectifiers. As shown
in Fig. 3.8, the PWM switch model is inserted into the simplified charger power stage.
The model’s voltage source depends on the steady-state values of D and the voltage
between the active and passive terminals. The current source depends on the dc value of
Izar, the current flowing out the common terminal. Since the ESR of the input filter
capacitor is so low, the PWM switch parameter r, is not included. The control signal, v,,
equals v (1+K,), where K, is the gain (R,s / R,¢) of the summing amplifier shown in Fig.

3.1.
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Since all three charger control loops use current mode control, it is important to
model this control method accurately. The new continuous-time model for current mode
control [11] provides a simple and effective method for characterizing this type of
sampled-data control. As shown in Fig. 3.8, the sensed current (ig) is multiplied by the
sampling gain, H.(s). This sampling gain can accurately be modelled as a complex pair

of right half plane (RHP) zeros at half the switching frequency:

2

Ky s
H()=1+ +—, 3.6
L(5) 0.0, @ (3.6)
where
2
QZZ_E5
and
W, = Tfg .

The sampled current is added to the control voltage, v,, along with feedback of the
input and output voltages through the gains k; and k,. As given in [11] for a buck con-

verter, these feedback gains are

=Pk D (3.7)
L\ 2 ) ‘
and
k K;
T2Lefs

As shown in Fig. 3.8, the control signal v, is multiplied by the comparator gain, F;:

Js

=2 3.8
" Sy+Sg’ (3:8)
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where Sy and Sg are the slopes of the sensed on-time current and the external ramp,

respectively.

3.5 Transfer Functions

During the current regulation mode, the bus voltage is controlled by the solar array
shunt regulator. Therefore, the bus impedance seen by the charger in this mode is ideally
zero. Consequently, the bus capacitor has no effect on the charger transfer functions in
the current regulation mode. To design the current regulation feedback loop, it is neces-
sary to find the duty cycle-to-L1 inductor current transfer function, designated as Fg;
This transfer function changes as the charger moves between CCM and DCM. The
boundary between these modes occurs when

Ippr = VBLDI .
2L, fs
When Vg, = 84 V, the boundary occurs when I, is 2.41 A. When Vg, = 64 V, the

boundary increases to I, = 2.86 A.

3.5.1 Continuous Conduction Mode

It is shown in this section that the inductor current transfer function can be accu-
rately described as single-order. Using the PWM switch model in Fig. 3.8 and the com-
plete two-stage output filter, the exact duty cycle-to-L, current transfer function is

derived for CCM:
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ViauslLrCowS® + Co(Rpar + R3)s + 1]

~.)
Q..)| =

- . (3.9)
LiL,C 8’ + CoulLi(Rpar + R3) + LyRs31s% + (Ly + RparR3Cou + Ly)s + Rpar
Since L, » L,, and Ry,r € R4, Eq. (3.9) can be simplified considerably:
i, V Cous*+C Res +1
_dl;\i BUS LZ 3 , (3 10)

= SL
Reat (11C 087 + CouaRos + 1) (1 +R—S)

where L is the parallel combination of L, and L,, and Lg = L, + L,. The transfer function

given by Eq. (3.10) consists of a pair of complex left half plane (LHP) zeros at

W, = . This transfer function also has a set of complex LHP poles at w, =\/;_ .

1
LZCout LTCoul
Since L; is approximately equal to L,, then , is very close to w,. Consequently, the
complex pole/zero pairs effectively cancel each other out, and the transfer function

becomes

& | (3.11)

Since Lg = L,, the transfer function, designated as F, is

il.v iLI
Fa=7=G

A plot of the exact transfer function, as given by Eq. (3.11), is shown in Fig. 3.9, where
the pole/zero cancellation is clearly seen at 10 KHz. This plot accurately reflects the
approximated transfer function in Eq. (3.11). The dc gain is Vyyg / Rgar Which is nor-

mally
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Vius _(120v)
RBAT - (20m Q) B

76 dB,

where Ry, is the total resistance of the battery, L,, and L,. The low frequency pole is

located at Ry, / 2ntLg , which is normally

Rpr  0.02Q
2nLs 2m(65.5uH)

=49 Hz.

A plot of the approximated transfer function given by Eq. (3.11) is identical to the
plot in Fig. 3.9 with the exception of the small resonance at 10 KHz. Since Ry, is very
small, the dc gain of F, is very high. Therefore, the steady-state duty cycle is largely
independent of the battery current. In other words, as the dc battery current varies, the
duty cycle of the charger effectively remains unchanged. Since the resistance of the bat-
tery varies widely with its state of charge [7], this dc gain and pole location are also

highly variable.
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3.5.2 Discontinuous Conduction Mode

The nature of the duty cycle-to-inductor current transfer function is very different

in DCM. The steady-state DCM duty cycle is a strong function of the battery current:

1
D \/(L_ 1}# ,
M 2 L fsVpus

_Vir

VBUS

where

Since the current in DCM is so low, the voltage drop across the battery resistance is
small; thus Ry, can be neglected. Using the DCM model of the PWM switch, the duty

cycle-to-inductor current transfer function is derived [14]:

where
o =MV
F Iy, Lg

The pole w, is located at very high frequencies. As the battery current approaches zero,
®, tends toward infinity. Since the minimum pole frequency is 25.4 KHz, this transfer
function can be treated as a constant gain when the charge current feedback loop is
designed. The dc gain of F, is also high: 44 dB at maximum DCM battery current. The
dc gain decreases with battery current. However, at a battery trickle charge of 0.25 A, the

dc gain is still high: 34 dB.
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3.6 Current Feedback Loop

3.6.1 Feedback Loop Design

The design of the current feedback loop is facilitated by the block diagram in Fig.
3.10. This diagram can be simplified by solving for the gain from v, to i;,. This gain is

denoted as G

i FuFa
Iy, 14T,
where

T,=F,F;KH,(s)K,,

and K, is the gain of the U1l amplifier that sums the control voltage (v.) with feedback of
the inductor current (ig). This gain is

_R45 _20KQ_
2T R46  20KQ

At frequencies below 10 KHz, G, can be greatly simplified since H(s) is near unity
in this region. Furthermore, since F; is so large, the 1 in the denominator of G; can be
neglected. With these simplifications, G, is reduced to a constant value of 1/KK,. Herein
lies the value of current mode control for this loop: variations in Fy do not affect the loop
gain, denoted by T, in Fig. 3.10. Once G; is determined, the outer loop gain, Ty(s), is

easily solved:

K,
To="(1+K,)G/K; .
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This loop gain is very simple to compensate due to its first order nature. The loop
crossover frequency is determined by K;, the gain of the integrating error amplifier U4.
This gain is K, = 1/ (R34)(C20) = 1/ (33 KQ)(3300 pF). Measured and predicted Bode
plots for the current loop in CCM are shown in Fig. 3.11. The current loop gain crosses
over at 3 KHz where the phase margin is 83 degrees. The additional phase lag near 10
KHz is due to H.(s), the sampling gain. The predicted results are obtained from a PSpice
model of the charger; this model is presented in the Appendix. As can be seen in Fig.

3.11, the predicted results agree closely with the measurements.

The loop gain is different in DCM due to changes in Fy. A measured DCM Bode

plot of the outer loop is shown in Fig. 3.12. Because the gain of Fy is lower, the loop

gain crosses over at a lower frequency: 2KHz. The phase margin remains at 83°.
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3.6.2 Transient Response

The transient response of the charge current feedback loop is determined by step-
ping the value of the reference signal, iz To do this, a function generator producing a 5
KHz squarewave is connected to the positive input of U4. By adjusting the magnitude of
this squarewave, the battery current is programmed. As shown in Fig. 3.13, the reference
signal causes the inductor currents, i, and i; ,, to be stepped between 10 and 13 A. At the
positive transition, the current in L1 increases rapidly from an average of 10 A since the
duty cycle is nearly 100%. The rate of increase is determined by the value of L1 and the
bus and battery voltages. After 100 uS, the current in L1 settles to a new average
steady-state value of 13 A. Because of the integrating error amplifier, the final steady-

state current regulation error is zero [8].

The transient response of the charge current regulation loop in DCM is similar to
that in CCM. As shown in Fig. 3.14, the current reference is stepped in a manner to cause
the battery current to alternate between 1 and 2 A. The response of i, ,, the actual battery

current, is very similar to the CCM response in Fig 3.12.
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3.7 Summary

The design of the current regulation mode circuitry has been presented. The design
of the charge current and V/T regulation loops was facilitated by use of the PWM switch
model and the new continuous-time model for current mode control. The charge current
regulation loop uses average current mode control to regulate the average battery cur-
rent. Current injection control is also implemented by summing the current error signal
with the instantaneous inductor current. By doing this, the system loop gain is made

insensitive to variations in the duty cycle-to-inductor current transfer function.

The duty cycle-to-inductor current transfer functions were derived for CCM and
DCM. Though the charger output filter is third order, it was shown that for the purposes
of small-signal analysis, the output filter can accurately be modelled as a single inductor.
The CCM transfer function has a very high gain that is inversely proportional to the
resistance of the battery. This transfer function also has a low frequency pole that is
dependent on the inductor value and the battery resistance. The DCM transfer function
has a lower dc gain and a high frequency pole. The gain is proportional to the battery

current, whereas the pole varies inversely with current.

The battery current is sensed by a dual current transformer circuit. The current
transformers are designed to keep the sensing error less than 1%. The charge current and
V/T regulation circuit error signals are ORed with the voltage regulation circuit error
signal so that the correct operating mode is automatically selected. The charge current

and V/T control circuits are controlled by digital commands, so D/A converters are
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designed to produce dc reference signals from a digital input. The charge current is reg-
ulated at 16 different rates, and the current errors are verified to be less than 1% for each

rate.
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4. Voltage Regulation Mode

4.1 Introduction

The Space Platform battery charger assumes the role of regulating the bus voltage
during the transition between eclipse and sunlight. By simply controlling the current
drawn from the bus, the charger behaves as a shunt regulator, and regulates the bus volt-
age. As the solar array becomes fully illuminated, the charger’s current eventually
reaches the level required to charge the battery at the constant commanded rate. At this
point, the transition from voltage to current regulation is automatically made by the con-

trol circuitry within the charger.

During the bus voltage regulation mode, the battery charger regulates its input
voltage; hence, in this mode, the charger behaves as if it were a boost converter, where
the battery voltage is the "input," and the bus voltage is the "output” variable. If the
positions of the power stage rectifiers and MOSFETs were interchanged, the charger
would indeed look like a conventional boost dc/dc converter. This apparent topology
transformation produces a boost converter with negative load current since the direction

of current flow is into the battery [13,14].

Since the Space Platform power system is to consist of parallel battery char-

ger/discharger modules, current mode control is used in the charger’s voltage regulation
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loop to ensure equal current sharing among the individual battery chargers.
Furthermore, current mode control enhances the performance of the charger voltage loop
by minimizing the differences in control characteristics encountered in moving between

CCM and DCM [12].

4.2 Bus Voltage Sensing

In the Space Platform, the battery charger is physically located 20 feet from the
main spacecraft bus. As shown in Fig. 4.1, there are 20 ft. cables carrying both power
and control signals. To accurately simulate the actual spacecraft power system, these
long cables were inserted into the hardware setup containing the prototype battery char-
ger. The bus voltage is sensed remotely through a resistive voltage divider contained in
the Power Control Unit (PCU). The sensed bus voltage signal is amplified by the

non-inverting opamp U10. The gain from the bus voltage to the output of U10 is

| R66 +R65 R68

Vuio _( R66 J[R67 +R68 J

‘;BUS

To simplify this gain, R65 is set equal to R67, and R66 is set equal to R68. Thus this gain
is unity. R69, the 100 Q resistor on the output of U10, is used an injection point for

small-signal measurements of the voltage loop.

The output signal from U10 is used to drive three amplifiers: U11, 12, and 13. U11
is the error amplifier for the battery discharger, and U12 is the battery charger error

amplifier. The solar array switching shunt unit is driven by the U13 amplifier. The volt-
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age divider formed by R71-73 is designed to provide a 1 V dead-band between the set-
points for the three amplifiers. The compensation for the battery charger voltage loop is

provided by U12.

Since the PCU circuitry is located so far from the battery charger, separate £12 V

housekeeping supplies are used. Because of the distance involved, the ground reference
of the PCU is not the same in the battery charger. To eliminate the effects of the different
grounds, the voltage error signal from the output of U12 in the PCU is sensed differen-
tially by U2 in the charger. As shown in Fig. 4.1, the input to U2 is V, - V.. The output of
U2is

R39
. _ 4.
=, V°)(R40(1+SR39><C27)) Y

Since R39 = R40 = 10 KQ, U2 provides unity gain. To filter out high frequency noise,
C27 is set to 100 pF, thus providing a 159 KHz low pass filter. To obtain the output
indicated in Eq. (4.1), the values of the components in the network formed by R42, R41,

and C29 are identical to the values of R39, R40, and C27.

The output signal from U2 is fed to D17, which is part of the diode "OR" network
that determines the charger operating mode. The signal v, at the common anodes is fed
to pin 3 of Ul, the amplifier that sums in the instantaneous inductor current signal (ig).
To provide noise immunity, R35 is sized low enough to provide a nominal current of 2

mA into the diode "OR" network.
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4.3 Open-Loop Transfer Functions

4.3.1 Continuous Conduction Mode

During the bus voltage regulation mode, the solar array appears as a current source;
therefore, the bus capacitor and loads enter into the charger transfer functions. The
combined resistance of the solar array and all loads connected to the bus is referred to as
Rjys. This resistance is referred to as r,, by Kim in [13] and [14]. Since many of the loads
on the spacecraft bus are constant-power, the value of Ry may be negative. However,
during the design and testing of the prototype charger described in this thesis, the value
of Ry was always positive. For a detailed analysis of the charger transfer functions with

a negative value of Ry, see [14].
Using the control model in Fig. 3.8, the open-loop power stage transfer functions

are derived for the bus voltage regulation mode. The open-loop CCM duty cycle-to-bus

voltage transfer function, F,,, is

5 1+ |1+
F _VBUS__VBUS[ ‘Dzzj( mp)

= —— 4.2
&g D A(s) ’ (4-2)
where
o = 1
“ RICBUS ’
- VBAT
2 1,Ls’
and
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LS RBAT
D 2

LC
A(s)=s2 5 BUS+s 5 >
D*Ryys D

+R1]CBUS} +1.

A plot of this transfer function is shown in Fig. 4.2. Note that the dc gain of F, is
negative: an increase of the duty cycle produces a decrease of the bus voltage. Thus the
phase of F,, is 180° at low frequencies. The dc gain is high, usually near 200 (or 46 dB).
The zero wy; is caused by Cyys and R, the bus capacitor and its ESR. The value used for
Cgus 1s 2000 pF. Since R, is normally around 40 mS2, w;; occurs at 2.3 KHz. Since the
equivalent series inductance (ESL) of Cyyg is 40 nH, the resonance of Cyyg and its ESL is
sufficiently high (190 KHz) to be neglected in the charger small signal analysis. The
other zero of F,,, ®,, , is a function of Lg and the dc values of the battery voltage and
current. This zero location is clearly highly variable since it depends on I, the battery
current. Since the normal CCM range of I, is 2.6 to 23 A, the zero w,, varies from 7.8 to

68 KHz for a 74 V battery. The roots of A(s), the characteristic equation, are located at

D

fim———,
b 2n\LsCays

which is 290 Hz for a 74 V battery. The Q of A(s) is determined primarily by the battery
resistance and the values of Cyys and its ESR. Because of the two zeros, the phase of Fy;

eventually returns to 180°, and the gain attains a zero slope.

The open-loop CCM duty cycle-to-inductor current transfer function, given by Fy,
is derived:

1+

W Py (4-3)

1
F, :7 = (Vpys = DRpysl,,)

where
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_ VBUS _DRBUSIL.r

VBUSRBUS CBUS

Z3

A plot of this transfer function is shown in Fig. 4.3. As indicated by Eq. (4.3), depending
on the operating conditions, the dc gain of Fy; may be positive or negative. The low fre-
quency dc gain is moderately high: 26 dB. Note that the location of w,; may be either in
the LHP or RHP, depending on the polarity of the dc gain. In Fig. 4.3, w,; is a RHP zero
at 7 Hz. Because the dc gain is negative, the phase starts out at 180°. Because of the RHP
zero at 7 Hz, the phase decreases to 90° and eventually reaches -90° because of the com-
plex pole pair in A(s). Since f, is much greater than w,;/2n, the gain of Fy; becomes very

large in the region of f,.
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A plot of this transfer function is shown in Fig. 4.3. As indicated by Eq. (4.3), depending
on the operating conditions, the dc gain of F,; may be positive or negative. The low fre-
quency dc gain is moderately high: 26 dB. Note that the location of w,; may be either in
the LHP or RHP, depending on the polarity of the dc gain. In Fig. 4.3, w,; is a RHP zero
at 7 Hz. Because the dc gain is negative, the phase starts out at 180°. Because of the RHP
zero at 7 Hz, the phase decreases to 90° and eventually reaches -90° because of the com-
plex pole pair in A(s). Since f, is much greater than w,;/2x, the gain of F,; becomes very

large in the region of f,.
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4.3.2 Discontinuous Conduction Mode

As shown in [10] for DCM, the effects of current feedback are not present in the
converter small-signal model. Therefore, the duty cycle-to-inductor current transfer
function is not derived. Using the DCM model for the PWM switch, the open-loop DCM

duty cycle-to-bus voltage transfer function is derived in [14]:

s (15, )0+ 5RCoug)
—=G = ,
d [1+mi)(1+wi]

where, with some approximations,

4.4)

2VBUS
G, =W{Rgus IR(1-M)},

VB Us

R =
ML’

RM*(1-M)
W, = 700
Li(1-M +2M?)

1
~ Cous{Rpus | R(1-M)}’

Wp,

=R(l—M)

P2 L
S

Both ®; and w,, are located at very high frequencies (above 30 KHz). Therefore, this

zero and pole do not impact the design of the voltage feedback loop. The dominant pole

of this transfer function is wp;, which occurs at low frequencies (around 1 Hz).
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4.4 Feedback Loop Design

The design of the voltage feedback loop is shown in Fig. 4.4. The system output,
the bus voltage, is sensed through the divider ratio, K,. Since F,,, the duty cycle-to-bus
voltage transfer function, has a negative dc gain, positive feedback of vyyg is necessary
to obtain a stable system. The voltage error signal is amplified by the integrating error
amplifier U12. The resulting control signal, v, is summed with negative feedback of the
inductor current (i;). The resulting signal, v,, is compared against the external ramp to

generate the duty cycle (d).

The control loop design begins with T,, the gain of the current loop. This gain is

easily found:

T,=F,F,KH/(s5)K,.

The closed-loop control-to-bus voltage transfer function, F,, is

Vs (+K)FF,

F, = = .
Y \;c 1+T,_FmdeKfK2

As demonstrated in [14], with certain approximations, F, in CCM can be greatly

e (145 )(1+5;)

v x S S S2
(1 +;x] 1+anp+E

simplified:

) , 4.5)
where
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G — _FmVBUS
* D(A+G)+K;F,Vays’

i D2 m-rtr
1
Q,= n(m.D’—0.5)’
Se
=1+—.
m, Sy

The dominant pole of F, is w, which, with some approximations, can be shown to

be equal to Wy , the zero in the duty cycle-to-inductor current transfer function (Fj).
Both @, and wz; are located at low frequencies (<10 Hz), and both vary directly with the
battery current. Under some conditions, the Space Platform consists largely of constant
power loads, so Ryys has a negative value. This causes Wz to be a RHP zero, which in
turn causes @, to be a RHP pole. It can be shown through a Nyquist plot that the voltage
loop can be stable in the presence of this RHP pole if the loop gain is high enough [14].
The second order polynomial in the characteristic equation for F, is resonant at half the
charger switching frequency. If the external ramp is properly selected, the value of Q,,
the resonant damping factor, will be near unity. In this case, these complex resonant

poles will have little effect on the charger dynamic behavior.
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The closed-loop control-to-bus voltage transfer function for DCM is derived in

[14]:
; 1+i)(1+sRc )
VBUS ( @y 1>~ BUS
F,pon =L =F,G, , 4.6)
PN d (1+mi 1+%j
where
G
G 4 G,,

=<

¢ 1-K,F,G,
| o, | <l |-
Gy 1s the dc gain and y, is the dominant pole of the open-loop DCM duty cycle-to-bus
voltage transfer function defined in Eq. (4.4). The closed-loop DCM control-to-bus
voltage transfer function has a slightly lower dc gain and dominant pole. Since the value

of K; is normally very small, the following approximations can be made: G, =G, and

@, = Wp;.

The gain of the outer voltage loop (T,) is

G,=F K, by 4.7)
Ry 1+;;

To compensate this voltage loop, the error amplifier must be properly designed.
The compensator pole, ws, is set at 9 KHz to attenuate the 90 KHz switching ripple. The
dc gain, K, is designed to give a maximum loop gain crossover near 3 KHz so that the
bus impedance can be minimized. This crossover frequency must not be pushed out to
far since this would decrease the loop attenuation of the 90 KHz switching ripple. Since

0z, a zero of Fg,, is inversely proportional to the battery current, care must be taken to
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compensate for the movement of this zero. At minimum battery current, wz, MOves to a
high frequency, so the compensating zero, Wy, is placed low enough (700 Hz) to provide
adequate phase margin. Placement of w,, must not be too low, since this slows the speed
of the voltage loop. Measured and predicted Bode plots for the voltage loop in CCM are
shown in Fig. 4.5. The measured and predicted results agree well except for a difference
in phase at higher frequencies. The loop gain crosses over at 2.1 KHz where the phase
margin is 81 degrees. (For this plot, the battery voltage and current were 60 V and 11.5

A)

Fig. 4.6 shows a Bode plot of the voltage loop in DCM obtained from a PSpice
simulation. The PSpice charger circuit used the DCM model of the PWM switch [4]. As
expected, the gain is lower, resulting in a lower crossover at 700 Hz where the phase
margin is 50°. (For this plot, the battery voltage and current were 75 V and 1.2 A))
Superimposed on this plot are measured data points taken under the same conditions.
The agreement between prediction and measurement is very good except for a diver-
gence in the phase above 3 KHz. Measurement below 10 Hz was not possible because of
test equipment limitations. Were it possible to measure the loop gain down to 0.01 Hz,
the low frequency pole of the 741 op-amp would be apparent. The gain of the op-amp
used in the PSpice simulation was high enough that the its low frequency pole was below
0.01 Hz. As Fig. 4.6 shows, the pole , occurs at 0.4 Hz. The value of Ryyg in this case is

positive, therefore, @, is located in the LHP where it causes -90° phase shift.
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4.5 Performance

To test the performance of the charger while it is in the bus voltage regulation
mode, it was necessary to use a solar array simulator. For all tests on this prototype
charger, a simple current source was used to simulate the solar array. The current source
consisted of four parallel IRFP250 MOSFETs which were operated with a common
gate-to-source bias voltage. The MOSFET current output was controlled by the manual
adjustment of the dc gate bias voltage. The MOSFET drains were connected to a power
supply producing a regulated voltage greater than 125 V. The MOSFET sources were

directly connected to the 120 V bus in the test hardware setup.

To test the transient response of the voltage loop, the bus load current was stepped
between two levels. As shown in Fig. 4.7, the bus load current was stepped between 5
and 10 A by driving a Dynaload which was in the external modulation mode. Since the
Dynaload was operated as an active current source, the value of Ryys was positive for
this test. After a 75 mV overshoot lasting 1 mS, the charger maintains regulation of the
bus voltage. To test the transient response in DCM, the bus load current was stepped
between 0.5 and 1 A. For each condition of bus load current, the charger was in DCM.
The resulting bus voltage transient is shown in Fig. 4.8. The voltage overshoot is 50 mV,
and the transient lasts for 1 mS. The transient duration is a function of the location of the

compensation zero, (4, which is 700 Hz.

In order to provide a fast transient response with a low overshoot, the charger must
have a low output impedance. This is also referred to as the bus impedance, since the

charger regulates the bus voltage. Measured and predicted plots of the bus impedance in
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CCM are shown in Fig. 4.9. The theoretical and measured results agree very closely. The
bus impedance is low at lower frequencies because the feedback loop gain is high [9]. In
the vicinity of the loop gain crossover point, the impedance reaches a maximum around
60 m<2. The impedance then falls at a rate determined by the bus capacitance. The
impedance eventually levels off at the value (40 mQ) of the bus capacitor ESR. The
DCM bus impedance is shown in Fig. 4.10. The DCM and CCM bus impedance curves
are identical above 3 KHz since the feedback loop gain in each case is below unity. At
lower frequencies, the DCM bus impedance is 9 dB higher than the CCM impedance

since the feedback loop gain is that much lower.

The charger was also tested to determine its level of conducted emissions during
the bus voltage regulation mode. To obtain the worst case conditions, this test was con-
ducted under maximum charger current. The bus ac voltage was measured by sensing the
ac current through the bus load resistance. This current was converted to voltage and
then fed to a spectrum analyzer. The power spectrum of the charger’s conducted emis-
sions is shown in Fig. 4.11. The following formula is used to convert the results in Fig.

4.11 from dBmW to Vrms:
Vrms = 2.24R s N 100%™ <O

The peak current obviously occurs at the fundamental switching frequency (91.3
KHz) of the charger. At this frequency, the bus voltage ripple is found to be 35 mV p-p
through the conversion formula. This level is well below the 200 mV p-p bus ripple
specification. As can be seen in the spectrum, there are also numerous other peaks in the
measurement. These are due to the 17 KHz switching components from the power sup-

ply used to simulate the solar array.
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4.6 Summary

The design of the bus voltage regulation circuitry has been presented. To improve
the charger performance and to enable current sharing between battery ORUs, current
mode control is implemented. The transfer functions from the duty cycle to the bus volt-
age and the inductor current were discussed for CCM and DCM. The predicted results
agree well with the measurements of the voltage loop gain and bus impedance. The
transient response measurements indicate a fast and stable bus voltage regulation loop.
The conducted emission measurement verifies that the EMI from the charger is within

specification.
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5. Conclusions

A prototype battery charger for the NASA EOS Space Platform has been designed,
built, and tested. The results from this thesis along with work on the battery discharger

will be useful in the actual design of the Space Platform power system.

The design of the charger power stage was driven by mass and efficiency con-
straints. The nominal efficiency achieved for the charger is 96%, and the power stage
mass is 309 g. The mass was minimized by the use of a high power conversion frequency
(90 KHz) and the use of a Metglas core for the main energy storage inductor. The effi-
ciency was boosted by the paralleling of four power MOSFETs and the maximum usage
of the winding area of the filter inductors. A unique gate drive circuit was designed to
simultaneously switch the four power MOSFETs. To reduce the battery current ripple
below 1% (230 mA), a two-stage output filter was designed. The input and output filters

were carefully damped to obtain a low Q.

Several useful design tools were employed in the modelling and design of the bat-
tery charger. The PWM switch model was instrumental in deriving the charger transfer
functions and in designing the feedback loops. The new continuous-time model for
current-mode control was also used to obtain accurate results in the feedback loop
design. The validity of these design tools was demonstrated by the comparison of mea-

surements to the model predictions. In most cases the agreement was very close.
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Since the Space Platform power system consists of parallel battery modules, the
charger must be designed in a manner to allow module current sharing. Therefore, all
charger control loops are designed with current-mode control. The charger performance
is also enhanced by current-mode control since instantaneous current limiting is
inherently provided, and the differences in charger behavior between CCM and DCM

are minimized.

To regulate the dc battery current, average current-mode control is used. A dual
current transformer circuit is used to accurately sense the battery current, and the sensing
error is less than 1% (230 mA). Both the charge current and the V/T control circuits are
designed to be operated by digital command. Since the control-to-inductor current trans-
fer function is effectively single-order in the current regulation mode, the design of the
feedback loop is straightforward. The system loop gain crosses over at 3 KHz where
there is a large phase margin (83°). Measurements indicate a fast (100 uS) and stable

transient response.

One of the more interesting aspects of the charger design is the bus voltage regu-
lation. The charger is designed to sense and regulate the bus voltage during the transition
between eclipse and sunlight. In this mode, the charger dynamics are effectively
transformed from a buck to a boost converter. The control-to-inductor current transfer
function is unique in that the polarity of the dc gain is dependent upon the charger dc
operating conditions. For example, when the bus load resistance (Rgys) varies from a
large to a small value, the dc gain of this transfer function changes from negative to
positive. Furthermore, when the dc gain reverses sign, the low frequency pole of this
transfer function moves between the LHP and RHP. The closed-loop transfer functions

are complex, but they can be simplified considerably. The control-to-bus voltage transfer
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function has a low frequency pole which corresponds to the dominant pole of the
control-to-inductor transfer function. The transfer functions are different between CCM
and DCM. However, the closed loop DCM and CCM control-to-bus voltage transfer

functions are very similar due to the effect of current-mode control.

The voltage loop design is presented, and the gain typically crosses over at 2 KHz
where the phase margin is 75°. The loop bandwidth varies because of a zero that is
dependent on the battery current. The charger output impedance is measured and com-
pared against a prediction from a PSpice model. The agreement is close, and the peak
impedance is 60 m£2, occuring at 1 KHz. The low output impedance corresponds to a
fast voltage loop transient response. Measurements indicate a fast response with minimal
overshoot when the bus load current is stepped. As the conducted emissions measure-

ments reveal, the EMI from the charger is well within specification.
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Appendix A - PSpice Modeling

The PSpice circuit models used to generate the transfer functions, Bode plots, and
impedance plots for the battery charger are presented in this appendix for CCM and
DCM. These small-signal models give accurate results out to one half the charger
switching frequency. For simplicity, the dc sources including the battery are shorted out.
The comparator gain and the parameters in the PWM switch model are adjusted
depending on the dc operating conditions of the charger. In the CCM PWM switch
model, the dc transformer is formed by the dependent sources FT and ET. The gain of
these two sources is D, the steady-state duty cycle. The source ESUM is dependent on
the charger input and output voltages through the gains K; and K,. The impedance of the
20 ft. power cable is modelled by LCAB and RCAB. The output impedance of the bat-
tery discharger is modelled by CDAN and RDAN.

The CCM PSpice circuit model and listing are presented in Fig. A.1 and Table A.1.
Similarly, the DCM PSpice circuit model and listing are presented in Fig. A.2 and Table
A.2. If analysis of the current regulation mode is needed, then the summing amplifier
E3823 is made dependent on the voltage at node 26. The bus capacitor and load must be
removed, so node 1 is grounded. The inductor current is sensed by HCS through the 0 V
dc source VET. The current error signal is amplified by EIR. To measure the current
loop gain, an ac voltage is injected by VACI through the coupling capacitor CY. This
capacitor value is large enough so that the loop measurement is not affected. To close the
loop, inductor LY is used. The value of this inductor is large enough to effectively open

the loop in the span of frequencies needed for analysis.
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If analysis of the voltage regulation mode is needed, then the summing amplifier
E3823 is made dependent on the voltage at node 37. The bus voltage is sensed by EVS,
and the voltage error signal is amplified by EVR. The attenuation of the differential
amplifier (U2) is provided by RDA and CDA. A similar signal injection method for

measurement of the voltage loop is used.

To model the sampling gain, H.(s), the source EHI and its feedback network are
used [10]. The values of RS2, CS2, LS, and CS1 are calculated to give a pair of LHP

complex zeros at one half the charger switching frequency:

€S2 =L§ =CSI =—,
s

and

—T
RS2 =—.
2

The sampled current feedback signal at node 22 is added to either the voltage or current

error signal by the dependent source E3823.
In DCM, the current sampling has no effect, so the H,(s) circuit model is deleted.

To simplify the model, the E3823 summing amplifier is deleted. To compensate for this,

the dependent gain of the source ESUM is adjusted for either the voltage or current loop.
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Table A.1. PSpice CCM Model Listing

* BUS INPUT
RBUS 1 0 10000
RCBUS 17 .04
CBUS 7 0 .0017
LCAB 12 220U
RCAB 23 2

* INPUT FILTER
CDAN 40 5U
RDAN 43 1lm

LIN 35 13U

CIN 60 20U

RCIN 6 5 8m

RID 58 5

CID 80 220U

* POWER STAGE
GPWM 50 320 115
EPWM 10 5 320 240
FT 100 VET 5
ET 110 100 5
VET 1112 DC 0

* OUTPUT FILTER
RL1 12 13 .01
L1 13 14 58U

RCOUT 14 15 28

COUT 15 0 40U

L2 14 16 7.5U

RBAT 16 0 .03

* SAMPLING GAIN
HCS 18 0 VET .1
CS1 18 19 354U

RS1 19 0 1G

LS 19 20 354U

CS2 20 21 3.54U

RS2 21 22 -1.57

EHI 220 19 0 -1G

* CURRENT ERROR AMP
LY 18 331G

CY 3360 1G

VACI 60 0 AC O

REA 33 25 33K

Rl 250 1G

CEA 25 26 3300P

EIR 26 0 25 0 -1G

* VOLTAGE ERROR AMP
EVS 9010 1

LX 9 291G

CX 5029 1G

VACV 50 0 AC 1

R11 29 30 20K

RM 300 1G

C1 30 36 560P

R22 30 35 33K

C2 35 36 6800P

EVR 360 300 -1G

RDA 36 37 10K

CDA 37 0 100P

* 3823 SUMMING AMP
EINV 230 220 -1

R1823 23 27 20K

R2 270 1G

R3823 27 28 20K

E3823 28 0 POLY(2) 37,0 270 0 -1G -1G
* COMPARATOR GAIN
ESUM 31 0 POLY(3)5,014,028,0 0 -6.3m 84m 1
RSUM 31 0 1K

EFM 32 0 31 0 48

RFM 32 0 1K

* CONTROL STATEMENTS
acdec 10 .1 100k

.probe

PRINT AC VDB(9) VP(9)

.END
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Table A.2. PSpice DCM Model Listing

* BUS INPUT
RBUS 1 0 10000
RCBUS 1 7 .04

CBUS 7 0 .0017
LCAB 12 22U
RCAB 23 2

* INPUT FILTER
CDAN 4 0 5U

RDAN 4 3 11m

LIN 35 13U

CIN 60 20U

RCIN 65 8m

RID 58 8

CID 8 0 220U

* POWER STAGE
GKI 5 11 320 337
RGI 5 11 618

GGF 0 11 512 .0198
GKO 0 11 320 207
RGO 0 11 164

VET 1112 DC O

* OUTPUT FILTER
RL1 12 13 .01

L1 13 14 58U

RCOUT 14 15 .28
COUT 15 0 40U

L2 14 16 7.5U
RBAT 16 0 .03

* CURRENT ERROR AMP
HCS 18 0 VET .1
LY 18 331G

CY 3360 1G

VACI 60 0 AC O
REA 33 25 33K

R1 250 1G

CEA 25 26 3300P
EIR 26 0 250 -1G

* VOLTAGE ERROR AMP
EVS 9010 1

LX 9 291G

CX 5029 1G

VACV 50 0 AC 1

R11 29 30 20K

RM 300 1G

C1 30 36 560P

R22 30 35 33K

C2 35 36 6800P

EVR 36 0 30,0 -1G

RDA 36 37 10K

CDA 37 0 100P

* SUMMING AND COMPARATOR GAIN
ESUM 31 0 POLY(2) 1,0 37,0 0 -.0057 -2
RSUM 31 0 1K

EFM 32 0 31 0 .57

RFM 32 0 1K

* CONTROL STATEMENTS
acdec 20 .01 10k

.probe

.PRINT AC VDB(1) VP(1)

.END
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Appendix B - Control Circuit Schematic
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Fig. B.1. Composite Charger Control Circuit
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Appendix C - Photograph of Charger

Shown below in Fig. C.1 is a photograph of the prototype battery charger. To
obtain a sense of scale, note that the actual dimensions of the control printed circuit

board are 5 inches by 3.25 inches.

Fig. C.1. Photograph of Prototype Battery Charger
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