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(ABSTRACT)

The design, analysis, and testing of a multi-module, multi-phase (MMMP) battery
charger for the NASA Earth Observing System (EOS) is presented. The MMMP con-
verter is comprised of four independent buck converters switched 90° out of phase. The
MMMP charger is compared to a single module battery charger, and shown to provide
significant performance improvements. The power stage is designed for maximum effi-
ciency and minimum weight. The control loops (Charge Regulation and Bus Voltage
Regulation) designs are presented and the small-signal models are verified with
experimental results. The charger testing is facilitated by the use of the Space Platform
Power System Hardware Testbed. The testbed utilizes battery and solar array simu-

lators which allow for realistic battery charger testing.
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1. Introduction

As part of its Mission to Planet Earth, NASA has embarked on a program of
designing and building a series of satellites known as the Earth Observing System
(EOS). In order to facilitate the design and testing of these satellites, NASA has con-
tracted with the Virginia Power Electronics Center (VPEC) at Virginia Polytechnic
Institute and State University to design and build a Space Platform Testbed.

The testbed power system consists of a battery and solar array simulator as well as
an actual prototype charger, discharger and switched shunt unit. This thesis presents the
research and design of the battery charger subsystem.

The battery charger is part of the charger/discharger/shunt unit power system. The
complete system consists of two charger/discharger units and one shunt unit. Each unit
is capable of processing 1.8 KW for a system power level of 3.6 KW. During periods
of illumination, the solar array provides power to the spacecraft bus. As power is
increased beyond what is required by the load, the battery charger is activated and
begins to charge the batteries.

The charger first regulates the bus voltage by directing current to the batteries
(Bus Regulation Mode). As solar array power increases, charge current is increased
until the commanded level of charge current is reached (Charge Regulation Mode). At
this point the switched shunt unit regulates the bus voltage. Since the charger operates
in both a bus regulation and a charge regulation mode, two control loops are required to
ensure proper operation.

During the first stage of this project a single module charger was developed [1].

As part of the ongoing research project, work continued on the development of the bat-
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tery charger subsystem. An alternative approach to the single module converter was
investigated. The alternative approach was a multi-module multi-phase (MMMP)
battery charger. The MMMP charger consists of four modules, each phase shifted 90°
apart. This work was an attempt to quantify any advantages the MMMP charger had
over the single module (SM). In addition, this thesis documents the design and testing

of the MMMP battery charger.

1.1 Design Specification

The battery charger design specifications are as follows:

Vpu=64-84V

Vi =120V £ 2%

Output Powery,, = 1472 W

I, = 0.85 - 23 A (16 Commandable Rates)
Bus Ripple =200 mV,

Efficiency = > 95%

Switching Frequency = 45 KHz

1.2 Thesis Outline

The trade-off study between the MMMP and SM battery charger is presented in

Chapter 2. A loss analysis is performed on the power stages and significant loss mech-
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anisms are identified and analyzed. A weight comparison is then performed, including
allowances for heat sink weight in order to compensate for efficiency. The input and
output filter requirement of the two converters are also compared.

Chapter 3 details the design of the MMMP power stage, and the selection of
switching devices is presented. The input and output filter design is documented in
detail as is the power stage performance.

The control system design is presented in Chapter 4. Both the charge and bus reg-
ulation mode designs are introduced here. In both modes the relevant transfer functions
are presented. Attention has been placed on verifying theoretical transfer functions with
actual measurements. The feedback loops are designed, and system performance is ver-
ified.

Chapter 5 presents conclusions from this work.

1. Introduction 3



2. Trade Off Study

2.1 Introduction

The space power system application is a demanding one. A high value is attrib-
uted to efficiency, weight, and reliability. In a space environment the efficiency of a
subsystem is of importance from both a thermal and energy transfer point of view. The
losses in an electrical component cause heat to be produced. The reliability of an elec-
trical component is directly related to its operating temperature. Any heat generated in
a space environment must be dissipated through radiation and/or conduction. Since
radiation is a rather ineffective method of heat transfer, conduction of heat away from
semiconductor components is critical to system reliability. Losses then not only
degrade efficiency but increase the overall weight of a system due to increased heat sink
requirements. In addition, losses require excess energy capacity in the battery and solar
arrays to provide system power requirements. This excess energy capacity can add
large weight penalties to the spacecraft and significantly impact spacecraft cost.

The weight of a system is an important factor in spacecraft design. This is espe-
cially true of the power system. A satellite is designed and placed in orbit to perform a
function or service. The power system is only there to enable the other systems to
perform their functions. Usually a satellite design has some maximum weight con-
straint. If this weight is exceeded there is an enormous cost penalty. This is due to the
fact that a launch vehicle has a maximum payload capability. In addition the cost of
launching a satellite is directly related to its weight. As satellites are getting larger and

more powerful, it is essential that as much of the weight as possible is due to the equip-
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ment and systems that are performing the spacecraft’s mission. The weight of a system
is made up of its components as well as the required heat sinking to ensure reliable
component temperatures.

The philosophy of minimum weight allocation for the power system somewhat
conflicts with the demand for more power to supply larger spacecraft. The goal then is
to find a highly efficient and low weight power system that is capable of processing
high power levels to meet the demand of modem spacecraft.

This trade-off study was done to compare both the efficiency and weight of the
SM and the MMMP battery chargers. First the power stage losses associated with each
design will be compared and then the weight for each system will be calculated.

The SM battery charger in EOS is shown in Fig. 2.1. The SM charger is a basic
buck converter with a single energy storage inductor. There are four MOSFET: in par-
allel to handle the current requirement and two diodes in parallel for the same reason.
Input and secondary output filters are required for current ripple attenuation. The
design of an SM battery charger was presented in [1]. Many of the design details
needed in the comparison of the two chargers are from [1], but in general the loss analy-
sis is generic to any single module design. The results of the comparison are not partic-
ular to any one design.

The MMMP converter is shown in Fig. 2.2. The MMMP battery charger is also a
buck topology converter. It consists of four separate and independent buck converters
(modules) operating in parallel. Each module is operated 90° out of phase. This multi-
phasing removes the need for a second stage output filter due to the current ripple can-
celation. Input and output filter components are common to all the modules. The four
modules each contain an energy storage inductor, a power MOSFET, and a power

diode.
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From strictly the power stage point of view, the MMMP charger has more compo-
nents. It has in fact two more inductors and two more diodes. The MMMP charger
therefore has more components and requires additional control circuitry to produce the
multi-phasing. The question becomes, can the MMMP battery charger produce sub-
stantial performance improvements to offset any additional component weight and sys-
tem complexity?

To perform the trade-off analysis, losses within the power stage are compared, and
the weight of the power stage and filter components are calculated. To facilitate the
loss analysis, a spreadsheet program was written to calculate all the significant losses.

This program incorporates the equations developed in the following sections.

2. Trade Off Study 6
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2.2 Loss Analysis

There are two main components that contribute to power stage loss: semiconduc-

tor and magnetic component losses.

2.2.1 Semiconductor Loss

Semiconductor losses are divided between the MOSFET and the diode. Within
each device, losses can be further divided between switching and conduction losses.
Conduction loss in the MOSFET is a function of the RMS current flowing in the FET

and the drain-to-source on resistance. It can be calculated by the following formula:

Pooni =170\ - Rosops 2.1)

Where for the buck converter operating in CCM Iy, is given by:

Ai? %
I s =({I:k—(lpk'Ai)+T}DJ , 22)
where
IChar e 1 .
I, =T'+§-Az, (2.3)
and
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VBw' - VBal

Al “Lon
l L on

(2.4)

Switching loss within the MOSFET is made up of several quantities. Turn-on and
turn-off loss can closely be approximated by assuming a linear transition from peak
value to zero. The turn-on loss is given by:

p __VDS'ka'tSI'F:.

Tourn-—on ~ 6

(2.5)

Where tg, is the time required for the switch to transition from its OFF state to the ON
state and F; is the switching frequency. I,,,is the minimum value of the inductor current

and is given by:

Icharge
[, =Cerse 1 op; (2.6)

The turn-off loss is calculated in the same fashion, except that peak value of

switch current is used:

_ Vps - L - 1o F,

Plo g™ @7

ts, is the time required for the switch to turn-off. In most instances tg, and tg, are equal.
Tum-on and turn-off present the major switching losses. Secondary losses asso-

ciated with switching are capacitive discharge loss due to the drain-to-source capaci-
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tance, and gate drive loss due to the gate-to-source capacitance. Both of these
capacitances are nonlinear but can be approximated by linear equivalent capacitors.

The drain-to-source capacitance discharge loss is given by:

2
Pcps =3 Cps- Vi - F.. (2.8)

The gate drive loss is given by:
Pyue=Ves* Cas F.. 2.9)

In both designs, Vgs was equal to 10 V.
The diodes experience similar losses as the MOSFETs. Conduction loss in the

diode is a function of the RMS current through the diode and the RMS voltage across it:

Pocons = Vorus " Iopus: (2.10)

Diodes also experience switching loss during turn-on and turn-off as well as loss
during reverse recovery. Tumn-on loss is a function of switching speed, peak inductor

current, and frequency:

VDpk ' IDpk : tDon ) FS
PDTum -on = 6

(2.11)
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topx is the time required for the diode to turn-on, and Vp,, is the peak diode voltage.
The peak diode voltage is equal to the maximum battery voltage, 84 V. The turn-off
loss is a function of the minimum inductor current, the diode ON voltage, the time

required to turn-off, t, «;, and of course, the switching frequency:

VDan - IVBJ . tDaﬁ' : FI

Py, = - 2.12)

The last significant switching loss associated with the diode is reverse recovery
loss. The reverse recovery loss is also a function of frequency, and the time required to

deplete excess charge from the diode, t,.:

Po, =V, I, Fo ty (2.13)

2.2.2 Magnetic Losses

The magnetic losses in a nonisolated buck converter are solely within the energy
storage inductors. The nature of the inductors simplifies the magnetic loss analysis as
well as the design. For example, copper loss can be calculated by looking at the RMS
current flow and wire resistance since proximity effect is negligible. The same is true
for core loss.

The copper loss is conduction loss due to the resistance of the conductor.

P, =1} R, (2.14)
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where the RMS current in the inductor (assuming CCM operation) is given by:

(2.15)

~—
—_

1(1-D
ILRMS=IC"¢':=avx{1+E[ o

and 1, is L/RT;. In this case R is the dc value that would give the desired charge current
at the given battery voltage; it is not the actual resistance of the battery.

The core loss is a function of ac flux and frequency and is dependant on core
material, permeability, and geometry. For a specific core, the manufacturer provides
equations or loss curves. For loss analysis this information will be used to calculate

actual losses. The equations are of the form:

P .<F' B (2.16)
where n and k are variables dependant on the core material and permeability, and B is

the ac flux density.

2.3 DCM Boundary Choice

In order to compare the MMMP converter to the SM converter, a preliminary
design of the MMMP converter must be done. One of the first choices in the power
stage design is the DCM boundary. That is, below what power level should the conver-
ter enter the discontinuous conduction mode of operation? The DCM boundary is

important due to its effect on efficiency. The DCM boundary choice determines the
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amplitude of ripple current, which determines the peak switch current. Larger peak cur-
rents translate to higher RMS currents, which lead to higher conduction losses. A
higher DCM boundary, however, results in a lower required inductance. This lower
inductance value usually means a smaller, lighter core can be used. An analysis must
be done to determine if the increased losses are offset by the reduced magnetics weight.
The switching frequency for the MMMP was chosen to be 45 KHz. An analysis
of the battery discharger was done [2] to determine the optimum switching frequency
for maximum efficiency. Since the charger is the dual of the discharger it follows that
this analysis remains valid for the charger as well. This also provides compatibility
with the battery discharger, which is important from the system EMI point of view.

An analysis of four different DCM boundary levels for the MMMP design was
done. The boundaries were 150, 300, 800, and 1200 W. These power levels are for the
charger as a system. When calculating values for each module, the system output
power must be divided by 4 (the number of modules). To determine the inductance

required to support a given boundary condition, it can be shown that at the boundary:

I, = % - A, (2.17)
since
vBm
=— 2.18
and
1%
Ai, =—L"ﬂ-D'-T,. (2.19)
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Substituting (2.18) and (2.19) into (2.17) yields the equation for determining the

minimum inductance required for a given DCM boundary:

L=——7—. (2.20)

To ensure the proper DCM boundary, (2.20) must be evaluated with parameters
that will produce the maximum value of L. This condition occurs when Vy,, is at its
maximum. This case produces the largest value for D’ and R. The value of R is the dc
resistance required to support the power level. When calculating L for each module, it
should be remembered that each module sees 1/4 the output power, and therefore R
should be calculated accordingly.

To decide on a DCM boundary, the losses and weight are calculated for each
boundary condition. The loss analysis and current characteristics can be found in Table
2.1. The current characteristics (i.e. I, Izus) are useful in analyzing filter requirements
and loss trends. It can be seen from the table that as the DCM boundary is increased,
the RMS value of the current also increases. This causes an increase in conduction loss
within the switch and diode. The switching losses tend to stay constant since an
increase in peak current value is offset by a decrease in the minimum current (1,,,) value.

To calculate the magnetic losses a spreadsheet program was developed. This pro-
gram allows the comparison of several cores at once. The user inputs the pertinent
manufacturers’ data such as‘permeability, core dimensions, weight, length/turn, and the
program calculates number of turns, core and copper loss, copper weight flux density
and other relevant data. The program is useful in finding the smallest, most efficient
core through several user iterations. The magnetic design was optimized for each

boundary condition. It can be seen from Table 2.1 that core and copper losses increase
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TABLE 2.1. DCM BOUNDARY COMPARISON

_—
Boundary |150W 300 W 800 W 1200 W
Level
I L. uH 627 313 118 78
Ly 5.75 5.75 5.75 5.75
Ai 1.06 2.12 5.64 8.47
L 6.28 6.81 8.57 9.98
La 5.22 4.69 292 1.52
Lrms 5.76 5.78 597 6.24
Iorms 4.20 422 4.36 4.56 4
Iprms 393 395 408 427 l
Semiconductor Losses
Transistor Switching 241 241 241 241
Transistor Conduction 1.50 1.51 1.62 1.77
Diode Switching 242 2.38 2.27 2.16
Diode Conduction 2.69 2.69 2.78 291
Magnetic Losses
Core Loss 1.08 28 36 52
l Cu Loss 424 28 5.1 5.7
Total (4 Modules), Watts 4143 41.66 45.16 4799 "

2. Trade Off Study
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as the boundary condition increases. This increase is much more dramatic than the
semiconductor loss increase, but it is to be expected due to the nature of the magnetic
loss mechanism. The main component of core loss is a function of ac flux. The loss is
related to the flux exponentially, and therefore increases in Ai (which directly corre-
spond to increases AB) will cause a significant increase in loss. This is true even when
accounting for the smaller core and reduced permeability usable for the lower
inductance value.

It can be seen from Table 2.1 that the 150 W and 300 W boundary conditions are
the most efficient by approximately 7 W. The 150 W and 300 W conditions have
approximately the same total losses. While the 150 W condition has slightly lower
semiconductor losses the 300 W level has lower magnetic losses (due to the smaller
core and reduced number of turns required). Since the 150 W condition requires more
inductance, it is important to compare the weights of the four designs to determine if the
increase in efficiency is offset by the potentially heavier magnetics. The weight com-
parison can be found in Table 2.2. It includes the magnetic components and the heat-
sink weight required for the given loss. The heatsink weight uses a factor of 26 W/Kg.
This is a somewhat conservative factor based on spacecraft design [2]. The
semiconductor weights are not included because these weights will be the same for each
design.

From Table 2.2 it can be seen that there is no significant weight advantage to any
of the designs above 150 W. This is due to the lighter magnetics components of the
higher DCM levels being offset by the increased heatsink weight due to the reduced
efficiency. Below 300 W however, there is no significant increase in efficiency to off-
set the heavier magnetics. The 150 W design in fact has higher copper losses due to the
increased number of turns needed to achieve the desired inductance. The 150 W design

is therefore not chosen due to its higher weight. Since there is no significant weight
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Table 2.2. Weight Comparison

i

| Weight (grams) Boundary 150 300 800 1200
Level
Core 534 368 .188 144
Copper 356 198 128 096
Heatsink 1.60 1.60 1.74 1.84 ﬂ
Total (kilograms) 249 2.16 2.10 2.08

2. Trade Off Study
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advantage between the remaining DCM levels, the more efficient system should always
be chosen. This is true not only from a component point of view but also from the sys-
tem point of view. Since a less efficient design requires more system power to charge
the batteries to the same level, this has a negative impact on the complete power system.
This data supports the choice of the 300 W DCM boundary condition. In addition, if
the filter requirements of the different designs are compared, it is clear that the 300 W
design requires less filtering than the higher DCM levels. This is due to the larger Ai
and I,. Therefore, due to the better efficiency and reduced filter requirements the DCM
boundary of 300 W is chosen.

In order to fairly compare the MMMP and the SM converters, the SM design
should be optimized as well. The same procedure was followed as for the MMMP case.
The boundary conditions, however, were 200 W, 300 W, and 600 W. The same effi-
ciency relationship holds for the SM converter as for the MMMP. As DCM level
increases, efficiency decreases. However, in the SM case, the inductor is carrying all
the load current. As DCM level increases, there is a much more significant increase in
Ai and L,. Table 2.3 presents pertinent current data. It can be seen that it is impractical
for the SM case to operate at higher DCM levels. The core loss associated with the
large ripple currents is prohibitive. In addition, the filter requirements would cause one
to avoid such high peak-peak input current surges. The SM converter does not enjoy
the benefits of current ripple cancellation as the MMMP converter does, and a DCM
level of 600 W would require having to deal with a 31.5A, input current waveform.
This is obviously to be avoided. Similarly, as in the MMMP case, going to an even
lower DCM boundary provides no efficiency advantage and negatively impacts weight.

For these reasons, the SM DCM boundary choice is 200 W.
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TABLE 2.3. SM DCM BOUNDARY COMPARISON

2. Trade Off Study

] Boundary 200 W 300 W 600 W “
Level
L..uH 58 23 12
L., (amperes) 23 23 23
Ai (amperes) 5.64 8.46 16.93 d
L. (amperes) 25.82 27.23 3146
L. (amperes) 20.18 18.76 14.53
I rus (amperes) 23.06 2313 2351
Lorms (amperes) 16.84 16.89 17.17
Ipgus (amperes) 15.75 15.80 16.06
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2.4 Topology Trade-Off

Using the equations developed in the previous sections a quantitative comparison
of the SM and MMMP battery chargers can be done. The SM battery charger uses four
MOSFETSs in parallel, switching at 90 KHz (Fig. 2.1). 90 KHz was chosen to keep the
filter and magnetic components as small as possible [1]. The MMMP charger also uses
4 MOSFETs: in parallel although the switching frequency is reduced to 45 KHz. The
SM converter switches at the higher frequency to reduce the size of the magnetic com-
ponents and to improve the filter requirements. Recall that the SM converter (Table
2.3) has rather large input current pulsing. If the switching frequency is reduced the
input filter would become prohibitively large. Also, since the energy storage inductor
handles all the charge current, decreasing the frequency would have a negative impact
on the inductor size and weight.

If the loss equations of Section 2.2 are analyzed, it can be seen that there is a
strong frequency relationship. The semiconductor switching losses are directly propor-
tional to frequency. The turn-on and turn-off losses double as frequency doubles. In
addition, the capacitive discharge loss is frequency dependant. The magnetic losses are
also frequency dependant.

The semiconductor component parameters used in the loss analysis are found in
Table 2.4. These parameters were either taken from the manufacturers’ data sheets or
were measured in the laboratory.

Using the parameters from Table 2.4. a loss analysis of the two converters was
performed. Table 2.5 shows the results of that analysis. It is clear from Table 2.5 that
the MMMP charger is significantly more efficient than the SM charger. It is also clear

that the areas of difference are the losses associated with switching. This is to be
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TABLE 2.4. Component Parameters

I Parameter
IRF250
Rise Time, t, 200 ns
Fall Time, t; 200 ns
ON Resistance, Ry, 0.085 Q
Drain-Source Capacitance 800 pF
UES706
Rise Time, t, 200 ns
Fall Time, t; 200 ns
Reverse Recovery, 50 ns

2. Trade Off Study
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expected from the examination of the loss equations. The MOSFET switching loss for
the SM case is slightly greater than twice the MMMP due to additional losses assoéiated
with semiconductor snubbers. These snubbers were needed in the design of the SM
converter [1] but were not required in the MMMP converter. In addition the SM char-
ger was not able to turn on or off as fast as the MMMP charger. This was done to facil-
itate current sharing between the modules and reduce switching spikes on the
MOSFETs which would exceed the Vg derating [1].

The magnetic losses are also higher in the SM case. This is due to the increased
ac flux in the inductor. It should be noted that the core loss and copper loss is approxi-
mately equal. This is a good indication that the magnetic designs have been optimized.
A good magnetic component design usually divides the total loss equally between the
core and the windings.

In practice, the SM charger was able to achieve 94% efficiency at maximum
charge rate (23 A) and minimum battery voltage (64 V). The MMMP charger was able
to achieve 97% efficiency under the same conditions. A plot of measured efficiency
data can be found in Fig. 2.3. Clearly the MMMP battery charger exhibits a significant

efficiency improvement over the full operating range.
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TABLE 2.5. SM/MMMP Loss Comparison

- ) Single Mulu-
Module Module
Semiconductor Losses
MOSEFET Switching 27.6 9.7
MOSFET Conduction 6.1 6.0
Diode Switching 19.3 9.6
Diode Conduction 10.8 10.8
Magnetic Losses
Copper 33 28
Core 3.8 2.8
Total (watts) ) 41.7
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The reduction in power stage loss is significant. However, it must be determined
whether the energy savings compensates for the increased part count. Recall that both
converters require four MOSFETs. The SM converter uses two diodes and one power
inductor. In addition, the SM charger requires an input filter consisting of one filter
inductor and two capacitors. A second stage output filter is also required. This filter
consists of a filter inductor and capacitor. The MMMP charger uses four diodes and
four power inductors. An input filter consists of a filter inductor and capacitor. No sec-
ond stage output filter is needed. The MMMP charger therefore requires three addi-
tional power inductors (although individual inductors may be smaller due to decreased
power handling requirements) and two additional diodes. To fairly compare weight
though, heatsink weight should be factored in. A less efficient design will require addi-
tional heat sink weight to maintain similar operating temperatures. Table 2.6 shows the
results of the weight comparison for individual power stage components. The filter
component weights assume ripple attenuation to an equal level. The weights are total
system weights.

From the table it can be seen that even with the additional component weight, the
MMMP charger is lighter than the SM charger. This is due to the weight penalty
caused by higher losses. The MMMP charger inductor weight is significantly greater
than that of the SM. The heat sink weight differential however, is more significant.
This analysis shows the importance in considering efficiency in the weight comparison.

From an efficiency and weight point of view, the MMMP charger shows substan-

tial improvement over the SM charger.
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TABLE 2.6. SM/MMMP Weight Comparison

" COMPONENT Single Multi-
Module Module
Mass Mass
(grams) (grams)
Input Filter Inductor 26 20
Input Filter Capacitor 80 60
MOSFETs 52 52
Diodes 14 28
| Energy Storage Inductor 94 566
Output Filter Inductor 28 0
Output Filter Capacitor 9 9
Heat Sink 2722 1600
u Total 3025 2335
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2.5 Filter Requirements

The trade-off analysis so far has demonstrated significant efficiency improvements
over the SM case. This increase in efficiency is clearly enough to justify the use of the
MMMP battery charger over the SM charger. However, the MMMP charger exhibits a
further advantage that in some applications would be enough on its own to indicate
implementation: the nature of the switching of the MMMP converter significantly
reduces input pulse and output ripple current. This reduction in current ripple reduces
the filter requirement and therefore can lead to a smaller, lighter filter.

The reduction in input pulse current can be seen in Fig. 2.4. The input current is
the sum of the individual modules input current waveform. The peak-to-peak current
pulse occurs when a module turns off. In the SM converter, the module carries the full
input current, and therefore, when the switch turns off a 25 A discontinuity results. In
the MMMP converter however, each module handles one-fourth of the total current.
The MMMP converter only experiences a discontinuity of one-fourth that of the SM
converter (assuming a proportional Ai). Fig. 2.4 also shows the increase ripple fre-
quency for the MMMP charger. The ripple frequency is four times the individual
module’s frequency. This allows the individual modules to switch at a lower frequency
to achieve efficiency benefits, while system filtering requirements are reduced due to
the relatively high ripple frequency. In this case the SM converter switching frequency
is 90 KHz; the ripple frequency of the MMMP charger is 180 KHz. The SM converter
could not operate at 180 KHz without a severe efficiency penalty.

To quantify the pulse current waveform the parameters i,, i, i, and i, are derived.
These quantities are identified in Fig. 2.4. The equations are valid for 0.5 <D <0.75,

which is the range for the given design:
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An analysis of these equations confirms the peak Ai is 6.8 A. This corresponds to
the peak value of switch current. The MMMP charger therefore requires 20 dB less
attenuation than the SM charger to achieve the same input current ripple as seen by the
bus.

The output current ripple reduction is equally significant. The output current
waveform is shown in Fig. 2.5. Similarly to the input current, the output current wave-
form is the sum of the individual module’s inductor currents. This summing action
tends to cancel out the ripple. In fact, at duty cycles of 0.5 and 0.75, the ripple would
cancel completely. The output current ripple is given by Eq. 2.25. The worst case rip-
ple occurs between the two null conditions and is equal to D = 0.63. Under this condi-
tion the ripple current is 0.51 A. This compares to the individual module’s Ai of 2.2 A

and the SM chargers ripple current of 5.6 A. This is a significant reduction in ripple
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current which will translate into reduced output filter requirements. In the SM charger
design, a second stage LC filter was required to attenuate the output ripple current to the

battery ripple current specification; this was not required for the MMMP converter.

(2.25)

Table 2.7 quantifies the significant input and output filter requirement improve-
ments due to the multi-phasing of the modules. The Table shows filter data assuming
the input current ripple is to be attenuatied to .2 A at the input to the charger and the
output current has a maximum ripple of .2 A at the battery. The data shows the MMMP
input and output current ripple is substantially lower, allowing for significantly lighter

filter components.
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TABLE 2.7. SM/MMMP Filter Comparison

|—— —

2. Trade Off Study

COMPONENT Single Multi-
Module Module
Input Current Ripple (A) 25.8 6.8
Output Current Ripple (A) 5.6 510
Ripple Frequency (KHz) 90 180
Input Filter Fc (KHz) 10 40
Input Filter Weight (gm) 106 80
Output Filter Weight (gm) 40 9 \
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2.6 Summary

A detailed loss analysis was performed on the SM and MMMP converters. It was
shown that the MMMP converter is able to achieve higher efficiency and lower weight
than the SM converter. The higher efficiency is due to the reduced switching losses
associated with a reduced switching frequency. The increase in efficiency is able to off-
set the added weight due to the increased parts through decreased heat sink weight. The
lower switching frequency is possible due to the improved dynamics of the input and
output current waveforms. The multi-phasing of the modules greatly reduces the pulse
and ripple currents normally found in the buck converter. This multi-phasing also
increases the frequency of the current waveforms. The combination of reduced ripple
and increased overall frequency significantly improve the filter requirements of the

MMMP battery charger.
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3. Power Stage Design

3.1 Introduction

A schematic of the battery charger power stage is shown in Fig. 3.1. It consists of
an input filter, switching circuit (MOSFET and diode pair), output filter, and PWM and
gate drive circuitry. The design of these functional blocks will be documented in this
chapter. The preliminary design dcta‘ils were derived in Chapter 2. These details
include DCM level and switching frequency. There are four individual power stage
modules within the MMMP battery charger. These modules consist of a switch/diode
pair, energy storage inductor, and related PWM and gate drive circuitry. The input fil-

ter and output filter capacitor are shared by the modules.
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3.2 Switching Circuit

The switching circuit consists of the power MOSFET diode pair. This pair pro-
cesses the converter power by way of the chopping function. The four individual mod-
ules share the power processing so that each module handles one fourth of the total
output power. The design procedure for this circuit entails picking semiconductors that
can handle the voltage and current stress.

From Table 2.1 it can be seen that for the 300 W DCM boundary condition the
peak switch (or diode) current will be 6.8 A and the RMS current 4.22 A. The switches
are subjected to a bus voltage of 120 V. Allowing for bus voltage transients and switch-
ing spikes, a conservative MOSFET voltage rating would be 180 V. The aerospace der-
ating guideline for maximum voltage stress on a MOSFET is 80% of manufacture’s Vpg
rating. To meet this requirement, a 200 V MOSFET must be chosen. A good choice
for a 200 V MOSFET is the IRF250. This MOSFET is on the NASA approved parts
list (a requirement for use) and has a low Rpg,,,. The Ry, parameter is very significant
in MOSFET selection since conduction loss within the switch is a function of ON
resistance. The IRF250 has a nominal Ry, of 0.085 Q. The IRF250 has a current rat-
ing of 30 A continuous current and 150 W maximum power dissipation. These ratings
are well above the actual circuit conditions and meet all deratings.

The diode is also subjected to the 120 V bus voltage. In addition it is necessary to
select a fast recovery diode to minimize switching losses and switching spikes. The
diode selected was the UES706. The UES706 is a fast recovery (50 ns) and high volt-
age (400 V) device.

3. Power Stage Design , 37



3.3 PWM and Gate Drive Circuitry

The PWM circuit controls the switching of the converter. Since each module of
the converter is 90° phase shifted from the previous module, four separate PWM signals
must be generated. This could be done by synchronizing four commercial PWM ICs.
However, to provide greater flexibility in ramp slope design and noise immunity, a dis-
crete PWM circuit was developed [3]. The discrete PWM circuitry is found in Figs. 3.3
and 3.4. This circuit allows a greater input voltage signal from the current injection
control (CIC) circuit. This reduces the need to attenuate the dc level and therefore pre-
serves more of the ac information. This circuit also allows changes to be made in the
ramp slope easily; this is especially useful when performing control loop optimization.

To drive the circuit, there is a clock generator which oscillates at 180 KHz. This
180 KHz signal is divided down to four 45 KHz clock signals (¢0 - ¢3) that are sent to
the respective modules. Each clock signal is phase-shifted 90°. This produces the
multi-phasing action desired. This clock generator is shown in Fig. 3.3.

The discrete PWM circuit consists of a ramp generator, a comparitor to perform
the PWM, a latch (MC14013) to prevent multiple triggering within a period, and a NOR
gate to provide duty cycle limiting. The four modules have identical circuits to perform
the PWM function. The PWM circuit is shown in Fig. 3.4. The operation of the circuit
can best be described by following the clock signal (¢). When the clock signal is high,
the capacitor is discharged through the NPN transistor. This also forces the output of
the NOR gate to be low, irrespective of the output of the latch; this limits the duty cycle.
Once the clock signal goes low, the capacitor voltage of the ramp generator begins to
increase but is still lower than the error voltage. This causes the output of the NOR

gate to go high (since the output of the latch is also low), thereby turning on the MOS-
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FET. When the ramp plus CIC signal equals the error signal, the comparitor switches
high, which sets the latch output high. This high signal causes the NOR gate to go low,
which turns off the MOSFET. This all happens while the clock signal is low. When the
clock signal goes high again, the capacitor is shunted, and the cycle starts all over.

The gate drive circuit is shown in Fig. 3.5. Again, since the MOSFETs are not
switched together, four independent (and identical) gate drives are required. The gate
drive circuit is driven by the UC3707 IC. This IC provides the drive current needed to
turn on the MOSFET. The output of the CMOS NOR gate is not capable of sourcing
enough current to drive the FETs. The battery charger is a buck topology and therefore
requires a floating gate drive. The secondary side reference must be able to float at the
battery potential. This is accomplished with the gate drive transformer. In addition,
since the duty cycle varies, the secondary side has dc restoration components (the R C).
Since the primary side is capacitively coupled to ensure ac voltage on the transformer,
the dc level of the drive signal is reduced. As duty cycle increases, this reduction can
become severe. The secondary side capacitor in effect adds back the dc voltage "lost”
on the primary side.

To prevent droop of the gate drive signal, the capacitors must be sized to have an
RC time constant much greater than the switching frequency. In this case the capacitors
were chosen to be 1 uF. This provides for a time constant of 1 ms. The secondary side
resistance also serves to provide a load to the gate drive transformer. When the gate
drive initially turns off, the current flowing in the magnetizing inductance needs to con-
tinue flowing to maintain flux continuity. If the secondary side does not present a low
enough impedance, the magnetizing current will attempt to flow back into the drive IC.
This could potentially damage the drive circuit. Empirically it was found that a

resistance of 1 KCQ was satisfactory.
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The gate drive transformer is essentiality a pulse transformer. The transformer
must be capable of transmitting a large pulse of current to charge the gate-to-source
capacitance of the MOSFET. The transformer should do this without requiring a large
magnetizing current which would place added burden on the drive circuit. The core
material chosen was H5B. This material provides high permeability which allows a low
number of turns (and therefore low leakage inductance) to give the required magnetiz-
ing inductance. The material has a maximum flux density of 4000 G. The core chosen
was the T7-14-3.5. This is a toroid core with a cross sectional area (A,) of .118 cm?.
The number of turns was chosen to be 20. This ensures low leakage inductance. To

calculate the maximum flux density, the following equation must be evaluated:

B =t (3.1)

The maximum flux occurs with maximum on time. Maximum on time is given by:

t,,=Dg.-T (3.2)

max $?

where D, is equal to 0.7 and T, = 22.2 ps. The primary voltage (Vp) is the drive IC
output voltage, minus the average voltage of the waveform that is subtracted out by the

capacitor:

V,=12-D =5.6V. (3.3)

The maximum flux density is therefore:
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B 5.6 16ps - 10°
™~ 30-0.118
B,=25 KG.

To ensure the magnetizing current is sufficiently small, the magnetizing induc-

tance is first calculated. This core has an inductance factor of 2100 nH/T2

L, =2100nH Turn - (30Turns*=1.89 mH, (3.4)
V-, 3
lm - Lm ’ ( . )
_12-16us _
= T8omir 01 ™A

Since the UC3707 is capable of sourcing 1.5 A, the magnetizing current is suffi-
ciently small as to be negligent.

Switching waveforms for the MOSFET and diode are shown in Fig. 3.2. The
waveform picture was taken in the actual circuit with battery voltage equal to 64V and
23A charge current. It can be seen that these waveforms are remarkably clean. In fact
the switches are spike free. The devices are able to switch this cleanly due to the multi-
phasing operation and proper input filter design (see Section 3.5). The well designed
gate drive circuit also contributes to the clean switching. Each module is handling less
current and therefore has to interrupt less power, this results in lower spikes. The mod-
ules are operating with po snubbers. This is an added benefit to MMMP operation:
switching speeds can be increased to reduce switching loss without causing large spikes
and ringing. Lower spikes and ringing reduce control circuit noise contamination and

EMI problems.
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3.4 Output Filter Design

The output filter consists of the individual module’s energy storage inductors and
the common output capacitor. The design of the output filter inductor is critical to the
operation of the system. The inductor design directly impacts the efficiency and weight
of the power stage. The inductor was designed to minimize copper and core loss while
keeping weight to a minimum.

The inductor design begins by chosing a DCM level. This procedure was done in
Section 2.3. Recall a boundary level of 300 W was chosen corresponding to an induc-
tance 313 pH. The core type chosen was a molypermalloy powder (MPP) toroid core.
The MPP core exhibits low loss at this operating frequency and provides a wide range
of permeabilities for design flexibility. To determine the size core to handle the power

requirement, the area product (Ap) [4] is calculated:

1.14
A =[2.(3Fn.e;;g)f)k '10‘] ’ 36

where B, is the maximum flux density (0.3 Tesla), K, is the window utilization factor
(0.4 for toroids), and K; is the current density coefficient (403). The maximum energy

the core will need to sustain is:

E =%-L I, (3.7

=%-3131.LH-6.82=7.2-10'3 W-s.
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Therefore, A, is equal to:

4 -[2:02-10%)-10° e
4 3T -0.4-403

4
A = 3.5cm”.

This parameter gives an idea of the size core required. Magnetic design is, how-
ever, an iterative process and several cores should be investigated to find the smallest,
most efficient design. After several cores were compared, the Magnetics 55252 core

was chosen. The 55252 parameters are listed below:

Window Area (Wa) 4.26 cm?
Cross Section (A,) 1.072 cm®
Magnetic Path 9.84 cm
Length (1,)
Length/Turn 540 cm
7 160
L/1000 Turns (A,) 215
Weight 92 gm

To design the inductor first the number of turns are calculated:

313
= Al =22 =138, 3.8
N =1000 515 38 (3.8)
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The magnetic force (H) is calculated to check for reductions in permeability:

04-7-38-6.8
H= 9.84

(3.9)

=33 OQe.

The manufacturer’s data [5] shows that at this operating level, the core will lose
approximately 30% of its initial permeability. This will result in an equal reduction in
inductance. To maintain the desired level of inductance at maximum current, the turns
are increased to 49. H is recalculated, and is equal to 42 Oe. At 42 Qe the core is oper-
ating with 55% of the initial yu. The extra turns will provide the required inductance at
this reduced U level. It should be noted that it is perfectly acceptable to operate at the
reduced | as long as the core is not close to saturation. The MMP material has a "soft"
B-H curve which allows operation at higher H levels.

At this point it is important to ensure this number of turns will fit on the core.
Since the inductor current is essentially dc with a small percentage of ac, the skin depth
restriction is not relevant. In this case a heavy gauge wire can be used to reduce copper
losses. The wire gauge chosen is 14 AWG magnetic wire with a cross sectional area of
0.0229 cm?, which results in a current density (J) of 310 A/cm®. To calculate the core
window area filled with wire (F,,), the total wire area is divided by the window area.
This ratio should be less than 0.4. In fact, since the wire used is rather heavy and will
not wind as easily as smaller gauge wire, it would be safer to limit F,, to be less than
0.3. The fill ratio can be found to equal 0.26. This shows the wire will easily fit on the
core with little difficulty. To calculate core loss, flux density must be calculated (Eq.

3.1). Flux density is 1236 G.
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Since the manufacturer gives core loss equations in terms of an ac flux excursion
(and a dc inductor flux excursion is limited to one quadrant) the core loss should be

calculated using 1/2 the calculated AB. Core loss for this core is given by [5]:

P =0425-10"".F!*.AB*" (3.10)

P =0425-10".45KH:"% . 631**

=.714.
The copper loss is :
PcuzleS 'Rcu’ (3.11)
where the copper resistance is:
R,=N-MLT -Q/cm (3.12)

R,=49-54cm -82-10%/cm
=217 mQ.
The copper loss then is:
P, =58-217mQ=0.73 W.

The output current ripple specification is 200 mA,,,. Due to the multi-phasing
nature of the output current, the ripple is significantly attenuated from the individual
modules ripple value of 2.2 A. The worst case ripple current occurs at Vg, =80 V. In
this condition the ripple current is 0.510 A,. This ripple is easily attenuated below the

specification by the output capacitor and cabling inductance.
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The output filter capacitor can be common to the four stages since this is the point
where the output currents are summed to produce the charge current. The output capac-
itor in reality provides only minimal filtering. However, this filtering is enough to
attenuate the output current to the specified value. While the capacitor appears to be in
parallel with the battery (and therefore unnecessary), there is cabling impedance
between the battery charger and the battery. In addition, the capacitor is beneficial dur-
ing testbed testing.

Since the output capacitor does not see significant ripple current, the capacitor is
chosen mainly for its small size and weight (since ESR is not a concern). The capacitor
chosen is a 47 |UF electrolytic, with a 200V rating.

Figure 3.6 shows a photograph of the individual modules inductor current and the
charge current. Recall the charge current is the sum of the four modules’ inductor cur-
rents. The charge current can be seen to have a ripple frequency of 180 KHz and ripple
amplitude of approximately 50 mA. This is well below the specification. This is
accomplished without the need for a second stage output filter as was required in the

SM battery charger. This reduced filtering requirement is a significant improvement.
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Figure 3.6. Inductor and Charge Current Waveforms
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3.5 Input Filter Design

While the MMMP charger does exhibit improved input current characteristics, it is
a buck topology and has a pulsating input current waveform. Section 2.5 defined the
input current waveform. Recall that the peak input current pulse had an amplitude of
6.8 A,,. The charger is connected directly to the bus and therefore must meet the bus
ripple specification of 200 mV,. In addition, the charger can be considered a load on
the spacecraft bus during the charge regulation mode. The battery charger exhibits
unique characteristics from the input filter design point of veiw. During charge regu-
lation mode the filter is indeed an input filter, but during the bus regulation mode the
filter acts as an output filter. In both cases however, the filters purpose is to attenuate
the input current pulse to a level such that the bus voltage ripple is below the specified
value.

A realistic ripple specification must therefore be set to ensure that the charger has
minimal impact on bus ripple. Since the main component to be filtered is the input cur-
rent, a realistic specification governing current ripple in a spacecraft environment is
MIL-461B CEO3. This specification gives an allowable ripple current of 13.5mA at the
ripple frequency of 180 KHz. The filter attenuation required, therefore, is 50 dB at 180
KHz.

There are several filter options to achieve the desired attenuation. A single stage L
C filter could be used. Parallel damping could be provided by ac coupling a resistor
through a large capacitor. This capacitor would have to be rather large due to the 200 V
rating. A better technique is to provide damping by paralleling a resistor with the

inductor. To achieve the required attenuation though, would require a rather large
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resistance (since the filter becomes an R C filter at higher frequencies). Therefore, to
get good attenuation with minimum size and weight, it is best to use a two section filter
with damping provided by the resistor in parallel with the filter second stage inductance.

The second stage bus capacitor C,, is actually four 5 uF polypropolene capacitors
distributed between the four modules for a total capacitance of 20 pF. In a multi-
module configuration the placement of these capacitors is critical. It is important that
they are as close to the MOSFETs as possible. The close placement, and the distributed
nature of the capacitance, minimizes the circulating ripple current at the summing junc-
tion. This contributes to the clean switching operation of the MOSFETsS and helps
avoid noise problems. This is especially significant in the multi-phase operation since
switches are turning on and off at different times. Excess switching noise can be cou-
pled into an adjacent modules control circuitry causing false triggering or oscillations.
These problems were experienced in the initial testing of the converter and found to be
significantly reduced by good layout practices. It should also be noted that these capac-
itors are physically extremely close to each other. The distance should be as small as
physically possible so as not to introduce any impedance between the capacitors. Any
significant impedance between the capacitors would invalidate the assumption that the
capacitors are indeed in parallel.

The polypropolene capacitors provide very low ESR (6 mQ) td minimize ripple
voltage at the summing junction. These capacitors must also handle the RMS input cur-
rent. The capacitors are rated at 12 A RMS each, and therefore are operated well below
their rating (since each module has a maximum RMS input current of 4.2 A).

The second stage filter inductor is chosen to have a value of 20 pH. This gives a

corner frequency of 8 KHz, ensuring the filter comer frequency is beyond the outer loop
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gain cross over frequency. In addition, this provides the overall filter with the required
attenuation. Once the inductor and capacitor have been chosen, the remaining compo-
nents can be calculated [6].

In order to have a smooth responce with no peaking the damping resistor value

can be calculated for a Q =0.5. The Q of the second stage is given by:

Q=\/L-C-% (3.13)
—05.20nH
20uH - 20uF
=05 Q

The first stage components can now be calculated forcing the case where the filter

transfer function has all real roots. This will of course ensure minimal peaking.

L1=—1L%=1.25 WH, (3.14)
C
c,=7’=5 pF. (3.15)

Since the value of L, is 1.25 puH, a discrete inductor is not needed. There is
approximately 20 feet of cable connecting the charger to the bus capacitor. This cable
has an inductance of 2-3 uH. The cabling will therefore supply the required inductance.
The capacitor chosen for C, is a polypropolene capacitor identical to the ones used in
the filters’ second stage. These capacitors are ideal for filter capacitors due to their low
ESR.

The simpified transfer function for this filter is [6]:
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1
142 s)(l +RCys)(1+RCys)

H(s)=( (3.16)

A bode plot of the filter transfer function is shown in Fig. 3.7. It can be seen that
there is minimal peaking and an attenuation of approximately 50 dB at 180 KHz. The
filter corner frequency is 10 KHz, which is beyond the outer loop gain cross over fre-
quency (see Chpt. 4). This bode plot is of the forward voltage gain, however, this trans-
fer function is also the reverse current gain.

A photograph of the ripple voltage at the summing junction and the bus capacitor
is shown in Fig. 3.8. It can be seen that the bus ripple voltage is practically nonexistent.
Some high frequency switching noise can be seen, but this has an amplitude of less than
50 mV. This is well below the ripple specification. The upper trace is the ripple at the
summing junction and here can be seen the increased ripple frequency of 180 KHz.
Even at the junction before the inductor, the waveform is remarkably clean. The ripple
current at the bus is similarly well below the specification.

The inductor design follows the same procedure outlined in Section 2.4. The core

chosen was the Magnetics MPP 55894. The number of turns required is:

02
N =1000- %—16 Turns.

To ensure against saturation the magnetic force must be calculated:

0.4-1-16T - 17A
H= 6.35
H=53 Oe.

This core retains 85% of its permeability at 53 Oe. This is quite below saturation.
The core loss can be calculated since the voltage across the inductor is equal to the rip-

ple voltage at the summing junction (500mV):
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_ (500mV)- (0.4 - 5.5us) - 10°

AB 16 -.654

AB =10.5 Gauss.

The core loss from this ac flux is, of course, negligent. The wire used was 14
AWG magnet wire. Sixteen turns of 14 AWG wire has a dc resistance of 3.2 mQ. The

maximum copper loss is therefore:
P,=17"-32mQ=925 mW.

The input filter has been designed to attenuate the input current pulse and has been
shown to perform that function quite well. It is important however to ensure there are
no impedance interactions between the input filter and the charger that would cause sys-
tem instability. A bode plot of filter output impedance and converter input impedance
is shown in Fig. 3.9. It can be seen that the input filter is well damped and its output
impedance is always below 0 dB. The input impedance of the charger has the same
characteristics of a standard buck converter. There is at least 20 dB seperation between
the impedances. This ensures against stability problems in the charge regulation mode.
The fact that the filter comer frequency is beyond the loop gain cross over frequency

gaurds against stability problems in the bus regulation mode.
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3.6 Summary

The battery charger power stage design has been presented. It has been shown
that input and output ripple specifications have been met and exceeded.

The power stage was designed with efficiency and low weight as the main criteria.
The power stage efficiency was measured at several battery voltage and charge current
levels. A plot of this efficiency data can be found in Fig. 3.10. It can be seen that the
worst case efficiency occurs at minimum battery voltage and maximum charge current.
The efficiency under these conditions is 97%. This efficiency measurement does not
include the control circuitry; however, the control circuit consumes less that 1W and is

therefore negligible.
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4. Control System Design

4.1 Introduction

This chapter will describe the modelling and design of the battery charger’s con-
trol loops. The battery charger has three separate control loops to regulate it§ operation
during the various system modes. The control system block diagram is shown in Fig.
4.1. Each control loop is diode ORed together, producing the error signal, v.. The
charge is controlled by one loop at a time which determines the mode of operation.

During the time when the solar array is providing enough power to supply the
spacecraft load and charge the batteries, the charger operates in the charge regulation
mode. The charger will stay in the charge regulation mode until the battery voltage or
temperature reach a programmable limit, at which time the charge cuts back on the
charge current. This mode is the Volt/Temperature (V/T) limit mode of operation.

As the spacecraft is leaving (or entering) eclipse, the solar array cannot provide
enough power to supply the load and charge the batteries to the full commanded level.
During this time the charger operates in the bus regulation mode. The bus voltage is
regulated by controlling the charge current. As solar array power increases charge, cur-
rent is increased, until eventually the commanded charge rate is reached. The bus regu-
lation error amplifier (E/A) becomes saturated, and the charge regulation loop takes
over.

The battery charger provides an interesting and challenging system from a control
point of view. As will be seen in the following sections the battery charger behaves quit

differently from the standard buck topology converter. In fact, in the bus regulation
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mode, the charger looks like a boost converter in the small signal sense, except the char-
ger has a LHP zero. The characteristics of the load (the battery) and the source (the
bus) also contribute to the complexity of the battery charger control loop design.

This thesis work has been performed with a solar array simulator that accurately
simulates both the small and large signal characteristics of a solar array. This solar
array simulator as well as the battery simulator that was used in all testing has facili-

tated the realistic comparison of test data with modeling data.
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4.2 Current Sensing

It is obvious that for the battery charger to regulate battery charge current, an
effective technique of measuring the current supplied to the battery must be developed.
This method must be reliable, efficient, and accurate. Several options were investigated
in order to determine the best technique.

The first and possibly most obvious option is the meter shunt technique. Using
this method a precision resistor is inserted into the charge current path, and the voltage
across it is measured to provide current information. Due to the nature of the mechani-
cal design of the batteries, NASA informed us that it would not be possible to place a
meter shunt in the battery ground lead, and therefore it would have to be placed in the
high side of the battery. This would necessitate sensing an extremely low voltage at the
relatively high battery potential. Although difficult, circuitry could be designed to sense
this voltage. This method, however, suffers a severe weight penalty due to the relatively
heavy meter shunt: the meter shunt investigated had a weight of 12 oz. The weight
issue, coupled with the relatively complex instrumentation necessary to cleanly sense
the voltage level, and the distasteful idea of intentionally placing a resistance in a high
current path, caused this method to be rejected.

Another technique for sensing dc current is to use a Hall effect device. Hall effect
devices are very simple to use and are available with instrumentation circuitry inside the
package to provide an amplified signal to the user. Data was taken to determine the
usefulness of the Hall effect device in this application. Data to determine the linearity
of the device is shown in Figure 4.2. From the curve it can be seen that the Hall Effect
device is linear between approximately three amperes to the maximum charge current of

23 A. The device is highly non-linear at the low current range of 0 to 3 A. The output
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of the Hall Effect device is also temperature dependent. The gain shift for a standard
flight approved device is 0.02%/ °C, in addition, the null offset shift is also 0.02%/°C.
For the given application, a space environment, a 100 °C temperature range is not
unusual. This would mean a worst case temperature drift of 4% of full scale. This error
was considered too high to be acceptable.

The third technique investigated was the dual current transformer method. A
schematic of the dual current transformer (DCT) is shown in Figure 4.3. The charge
current is simply the sum of each individual modules inductor current. Similarly,
inductor current is the sum of switch current and diode current; so to get an accurate
representation of charge current, the switch and inductor currents from all four modules

can be summed together.
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Current transformers are placed in series with both the diode and switch. Since a
current transformer is needed on each switch to implement CIC, this requires four addi-
tional transformers. These transformers are very small and light-weight, so the penalty
is very slight. The transformer design is developed in Section 4.1.4. The current from
the transformers is summed through a resistor network to provide the dc charge current
information. The parallel zener diodes are to reset each core during its OFF time; how-
ever, in practice these diodes were not required since the cores easily reset through the
series diodes.

Data was taken to determine the linearity of the DCT method. This data can be
found in Fig. 4.4. It can be seen that the DCT provides an accurate and linear represen-
tation of charge current. At low current levels, the DCT becomes nonlinear, but this
occurs at approximately 1 A, vs. 3 A for the Hall Effect device. This nonlinearity is due
to the presence of noise on the sensed waveform. This noise occurs at the transition
between the MOSFET and the diode conducting. At low charge levels the noise
becomes a greater percentage of the sensed waveform. This error, however, is within
acceptable levels. A picture of the sensed current waveform can be found in Fig. 4.5. It
can be seen that the waveform is fairly clean with a ripple frequency of 180 KHz. This

is due to the multi-module nature of the charger.
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The DCT method provides isolation between the sensed current and the control
circuitry, is not temperature dependant, and provides good resolution. The disadvantage
of the DCT method is the increased part count due to the four extra current transformers
and the summing resistors. The increased part count, however, is not significant and is
outweighed by the advantages. For these reasons it was decided to use the DCT tech-

nique to measure battery charge current.

4.3 Charge Rate Control

The battery charger must be capable of charging the battery at several command-
able charge rates. Sixteen programmable charge rates are required corresponding to
charge currents between trickle charge of .85 A to full charge of 23 A.

The charge rate control circuitry is designed to operate either from computer com-
mand or from a manual command. The charger is normally operated in the computer
control mode, but to facilitate testing and trouble shooting, the manual mode is
necessary. The charge command circuitry is shown in Fig. 4.6. The switch SW2
enables either U24 or U25. When U24 is enabled, U25 is placed in its high impedance
mode, and the system is in the manual mode with commands accepted from SW1 and
not the computer. Alternatively, in the automatic mode, the system only "sees" com-
mands from the computer.

The charge current reference circuitry is found in Fig. 4.7. Resistors R93 through
R98 are configured in the R, 2R, 4R, 8R sequence to provide the 16 commandable lev-
els. Resistors R89 through R92 are required to provide the biasing needed for trickle
charge. If the lowest charge current required was O A, this biasing would not be

needed.
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In order to provide flexibility in testing and to allow the use of different current
sense methods (which require different reference voltages for the same required charge
current) it was decided to provide a wide reference voltage range and then divide this
voltage down through resistors R87 and R88 to the required value. The reference volt-
age range was picked to be 0.4 V to 10.0 V. If the series combination of R89 and R90
is designated Rt, and the combination of R91 and R92 Rb, then two equations can be
written relating reference voltage and resistor value.

When the trickle charge rate is required, the four bit digital word will consist of all
0’s. This will pull resistors R93 to R98 to ground. These resistors will then be in paral-
lel with Rb. If the parallel combination of R3 through R98 is called Rx, this leads to the

equation:

Rx//Rb
V. =12V——— 4.1
ref (Rx//[Rb) + Rt @1

When the maximum charge current is required, the digital word will be all 1’s.

This places R93 through R98 in parallel with Rt. This leads to the equation:

. Rb

=12V———— 4.2
rdf (Rx//Rt)+ Rt 4.2)

where Rx=533 KQ
Solving these two equations in two unknowns leads to:

Rt=141 KQ,
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Rb=61 KQ.

To get the required reference voltage for the dual transformer method of current
sensing, the reference voltage is divided down by a factor of 0.16. This is accomplished
with resistor R88 = 51 K Q and R87 = 10 K Q. Capacitor C100 is added to filter any
noise from the reference signal.

The charge rates and the measured values are shown in Table 4.1. The goal was to
be within 2% of full scale battery charge current. This corresponds to a maximum cur-

rent error of 0.460 A. It can be seen from Table 1 this specification was met.
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Table 4.1. Charge Current Regulation

Charge Commanded Measured Current
Rate Current (A) Current (A) Error (A)
0000 850 430 42
0001 233 2.12 21
0010 3.80 361 .19
0011 5.28 5.08 20 ||
0100 6.76 6.51 25
0101 8.23 7.98 25
0110 9.71 947 24
0111 11.19 10.93 26
1000 12.66 12.41 25
1001 14.14 13.87 27
1010 15.62 15.37 25
1011 17.09 16.84 25
1100 18.57 18.29 28
1101 20.05 19.76 29
1110 21.52 21.27 25
1111 23.00 22.75 25

4. Control System Design

77



4.4 Small Signal Modeling

In order to facilitate control loop design, a small signal model of the battery char-
ger is required. In the charge regulation mode, the small signal model can rather easily
be derived due to the nature of the load and source. The charger operates in both the
continuous and discontinuous conduction modes. Due to the low DCM boundary, the
charger only operates in DCM during trickle charge. The DCM model, however, must

be analyzed to ensure stability.

4.4.1 Continuous Conduction Mode

As was discused earlier, the charger operates mainly in the CCM region. The
small signal model of the charger in CCM can be seen in Fig. 4.8. The PWM switch
model [7] is used to develop the model. The PWM switch model lends itself nicely to
deriving the required transfer functions.

In the charge regulation mode, the solar array is suppling both charge current and
load current. The solar array is in the current source region of operation, and the shunt
switching unit is regulating the bus voltage. The bus therefore is a "stiff” voltage source
and from a small signal point of view looks like a short. On the output side of the char-
ger is the battery. Again, from a small signal point of view, the battery looks like a
short with a series resistance associated with it. The resistance of the battery is
approximately 2 mQ / cell with a total of 50 cells in series for a total ac resistance of .1

Q.
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The transfer function (T.F.) of interest is the control to charge current T.F.. In
order to derive this T.F., first the duty cycle to charge current T.F. must be derived, and
the single module equivalent of the multi-module converter must be found. It has been
shown in [8] and [9] that a multi-module converter has an equivalent single module
small signal T.F.. The procedure is very simple and straightforward. The inductor val-
ues are divided by the number of modules: since the output capacitors are shared by all
modaules, no reduction is required. The current loop gain, H;, must also be reduced by
the number of modules. This is due to the fact that the inductors have been divided by
four, and therefore to maintain the same gain/current relationship, H;, must be compen-
sated.

The duty-cycle to charge current T.F. can be derived by writing the equation gov-

erning inductor current:

VBUS 4
. 4D
i = ——— 4.3)
RI +RBAT+ sL

If we recognize that Ry, is much greater than R, we can simplify the T.F.:

fL VBUS] 1
F. === . (44)
“d [Rm 1+(R_;;)5

This is a first order T.F.. With the equivalent single module inductance of 78 uH
and Rg,r = .1 Q, the T.F. has a pole at approximately 200 Hz. By inspection the con-

trol, to charge current T.F with the inner current loop (CIC loop) closed, is:

i FuFi4
Gic == . (45)
\ 1+F,,,F‘-dR,-He(S)
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where as was shown in [10]:

1
F,=—7/——.
"G+ ST

S, is the slope of the sensed inductor current, and S, is the external ramp slope.

R; is the current sense network gain, and He(s) is the high-frequency sampling
effect discussed in [10]:

4.6
0.0 o (4.6)
where
o =X
n = T.r
and
-2
0,= o

From Eq 4.5, the benefits of current mode control can be seen. As long as:
F,F RHe(s)»1
which is true up to one-half the switching, the control to charge current T.F. reduces to:

1
F. =
@~ R.He(s)
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This shows that the charger loop gain is immune to bus voltage variations, battery
voltage, or battery resistance variations, or changes in charge current levels. In addition
this T.F. is quite simple. It is a constant term with a gain of 1/R; up until one-half the
switching frequency. At one-half the switching frequency, the sampling effect becomes
evident, and the behavior is determined by the design of the CIC loop. Before proceed-
ing with the numerical analysis of the charge regulation loop, the CIC loop must be
designed. In order to complete the modeling, however, the DCM transfer functions will

be developed in the following section.

4.4.2 Discontinuous Conduction Mode

As was stated previously, due to the power stage design, the charger only operates
in DCM during trickle charge. Even though the charger is operating at low power level
during this time, it is equally important that the system is stable.

The battery charger in DCM exhibits the same type of behavior as a buck conver-
ter. The duty cycle becomes load dependant. The transfer functions of interest were

derived in [11]. The charge current to duty cycle T.F. is given by:

ii 2, 1
F,=—=—"— @.7)
“d D4t

where
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IL—VBUS,

and
_(1=M)Vgyr
P L

Since the discontinuous case only occurs in trickle charge, the value of the battery
voltage is known: it is at its maximum value of 84 V. Recalling that the inductance at
this low current is 516 pth, the minimum value of the pole is 36.6 KHz. This is beyond

1/2 F,. For all practical purposes, the T.F. looks like a constant with a dc gain of 40 dB.

4.5 Design of CIC Loop

The design of the CIC loop is one of the most critical design parameters. Proper
design of the loop ensures the advantages of current mode control (CMC) without the
problems of instability sometimes seen in systems employing CMC [10].

In a MMMP system, CIC is required to ensure current sharing between the mod-
ules. In addition, multi-loop control provides system dynamic benefits as was seen in
the charge regulation mode. The CIC loop consists of a current transformer (CT) that
senses switch current, and a ramp generator. The switch current and ramp are summed
together to provide ramp compensation of the CIC signal. The CIC loop circuitry can
be seen in Fig. 4.9. The first step in designing the CIC loop is to design the CT and the

related current sensing circuitry.
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In designing the current sense network, the main design constraint is power con-
sumption. Normally a further constraint is the maximum input voltage range of the
PWM circuitry. Due to the development of the discrete PWM circuit, this is not a
significant limitation. To limit power dissipation in the current sense network, maxi-
mum power loss in one network will be limited to .160 W. This will keep total power
loss for all four modules to less than 1 W. In addition, the maximum CT secondary
voltage will be limited to 4 V at the maximum switch current of 6.8 A. These decisions

lead to two equation in two unknowns that allow us to solve for the sense resistor:

I’R=.160 W,

IR=40 V.

Solving these two equations for R leads to :

R =100 Q.

also if R = 100 Q then the transformer secondary current can be calculated:

4.
IS=T0%=4O mA

From here the number of turns can be found:

_IPNP _6.8(1)

= =170. 4.8
ST I 40mA 70 (4.8)
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Now that the circuit values are known, the CT itself needs to be designed. The
core material chosen is Supermalloy for its high permeability and low loss [12] wound
core book] and the core geometry is a toroid. The maximum flux density of supermal-
loy is 6500 Gauss. To determine the size core needed, the required cross sectional area

can be calculated [4]:

_(V,+Vp)10°

.= W’ 4.9)

where K = 4 (constant for square wave) and V, =0.7 V,

4.0+0.7)10*

A= =0.02 2,
¢~ 4(0.6TESLA)(45KHz)(170TURNS) 0.0256¢m

From the data available in [12] the closest core matching this size is the 50153.
To ensure the windings will fit on this core, first the wire area (W,) must be calculated,
then compared to the available window area (A,). For this application 28 AWG will be
used. While a smaller area wire could handle the current, it would be more difficult to
work with and in aerospace applications, it is generally not used for reliability reasons.
28 AWG has a cross sectional area of .507 cm?; therefore the total area taken up by the

wire is :

2
S07cm” _ 190cm?.

170TURNS - [TURN

The fill factor (Ky,) is wire area divided by the available window area :
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A fill factor of .376 is acceptable, and in fact, Ky, should be kept below 0.5 for
toroid cores. The next smaller core would require too large a fill factor.
Once the core is designed, the maximum operating flux density should be calcu-

lated to make sure the core will not saturate during operation:

8 v, 10
max " AFAN’

(4.10)

_ 4(10% _ 348
4(45KHz)(0.038¢m?*) (170TURNS)

G,

which is well below the saturating flux of 6500 G.

Recall that this CT is also used for current sensing. The magnetizing current (I,
should now be calculated to ensure it does not cause any significant error in the charge
current sense network. If the magnetizing inductance (L,,) is calculated, I, can be

found:

where U is the core permeability and L, is the mean magnetic path length:

L - (20,000) (170°TURNS) (0.028¢m?) (0.4710°H /cm)
m= 3.49cm

=79 mH,
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I, = : 4.11)

where T,, is the maximum switch ON time and occurs at maximum battery voltage:

;407 -22.2u5)

" om0 M

To calculate the percent error, the magnetizing current should be compared to the

sensed current:

.393mA
40mA

YD%error =100 - = .89%.

This error is less than 1% and is acceptable.

The core resets easily through the blocking diode, and no reset zener is required.
To filter high-frequency noise spikes, a capacitor is added to the circuit in parallel with
the sense resistor. This capacitor is 3300 pF, which with the 100 £ resistor, gives a cut-
off frequency of 482 Khz. This pole only filters high-frequency spikes and has no
effect on the loop response. A picture of the switch and diode sensed current
waveforms can be found in Fig. 4.10. It can be seen that the waveforms are quite clean.

The current sense circuit is one building block of the CIC loop. Another building
block is the ramp generator circuitry. The ramp generator itself is a very simple circuit.

The design procedure focuses on determining and then achieving the proper ramp slope.
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As was discussed in Section 3.3, the discrete PWM circuit allows for easy design
of the ramp slope. The current value from the constant current generator as well as the
capacitor need to be determined. These values are chosen to provide a certain ramp
slope to compensate the CIC loop. It was developed in [10] to prevent instability in the
current loop; an external ramp should be summed with the current sense signal such

that:

S
mc=1+s—">1, (4.12)

where S, is the slope of the inductor current, and S, is the slope of the external ramp.
The larger m, is, the more damping of the sampling effect there is. For this design m,
was chosen to be approximately 2. In order to determine S, S, must be calculated. The
slope of the inductor current must be calculated as it is seen at the summing point with
the ramp slope. Therefore the attenuation due to the summing network and the current
sense network must be taken into consideration. The values of the summing resistors
were found partly empirically. The values had to be large enough not to load the ramp
or sense networks and therefore were initially picked to be 10 K. To allow more ramp
slope relative to the sensed current slope, a 4:1 increase in the relative weight of the

ramp slope was chosen. This is done by the 11 KQ and the 43 K voltage divider:

2' 100€(11KQ)

T 11KQ+43KQ
§ = TUKa+oKa 4.13
= 4.13)

where Ai=2.2 A, T=170, and worst case At is D, *T,. Therefore:
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=223 K.

g = [ 22).100)(203)
"\ 170 }.533-22.2us

For m, to be 2 or greater, the current generator must therefore be designed to have
a ramp slope of 22.3 K. The ramp generator has a dead time of 25% of the period, and

therefore the ramp period is:
75-222us =16.6 s.

The ramp slope is equal to the change in voltage divided by the ramp period. This

allows us to find:
AV =223K -16.6us =.371 V.

Lastly, the constant current source was designed to provide approximately 500 HA to

the capacitor. This leads to the equation for finding the capacitor value:

_ 5004 - 16.6u4

¢ 371V

=.02 pF.

In the actual circuit, a .015 pF capacitor was required to get the proper ramp slope.
The actual measured ramp slope was 28 K, which lead to an m, of 2.25. This is quite
acceptable, and in fact, it will be seen in the next section that good damping of the sam-

pling effect was achieved.
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4.6 Design of the Current Regulation Loop

The purpose of the current regulation loop is to regulate and maintain the com-
manded value of charge current to the battery. Of course this function must be carried
out while ensuring that the charger is stable. In order to design the current regulation
loop error amplifier (E.A.), the control to charge current T.F. must be evaluated. This
T.F. was derived in Section 4.4 and can now be seen in Fig. 4.11. As was discused in
that section, the T.F. is a constant with a gain of 1/R,. R, can be found now that the CIC

loop has been designed:

R
= Nooffurns Vo 4.14
R No .of Turns Vowiper - No Modules, (4.14)

100 11KQ 1_ 03
T17011KQ+43KQ 4 T

The sampling effect can be seen causing the gain to drop off, starting at approxi-
mately 5 KHz. It can be seen that the effect is very well damped. In fact, the complex
poles have turned real and begun to split, one moving lower in frequency and the other
higher. This causes the drop off in gain to occur before 1/2 F,. It can also be seen that
the charger is very easy to compensate in this mode.

In fact the charger can be compensated with a simple integrator providing zero
steady-state error and good gain and phase margin. To design the E.A., a decision must
be made as to where the loop gain cross over frequency should occur. By looking at the
control-to-charge current transfer function, it can be seen that at approximately 6 KHz

there is about 50° of phase margin with a gain of 28 dB. This then is a good choice for
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the cross over frequency.

The charge regulation loop must therefore be designed to have a gain of -28 dB at
6 KHz. Figure 4.7 shows a schematic diagram of the E.A.. Due to the sensing network
there is 22 dB attenuation between the actual charge current and the sensed current at
the E.A.. This is easily verified by recalling that a reference voltage of 1.6 V is required
to command 23 A of charge current. The E.A. should have a gain of -6 dB at 6 KHz.
This translates to an E.A. cross over frequency (F,) of 2.5 KHz. The equation of an

integrator circuit is:

1
F‘_Z-n-R-C'

Letting R = 100 KQ, it is easily solved for C = 680 pF.

A bode plot of the charge current regulation loop gain is shown in Fig. 4.12.
There is excellent correlation between theoretical and experimental results. It can be
seen that the gain does cross 0 dB at approximately 6 Khz with better than 50° of phase
margin.

A bode plot of loop gain with the charger in DCM is shown in Figure 4.13. There
is some loss of gain in the discontinuous conduction mode of operation. The loop gain
cross over frequency is reduced to about 1.2 KHz. Phase margin is increased to close to

90°.
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4.7 Transint Response

Since the battery is a fixed source with a time constant much greater than the char-
ger and the bus is being regulated by the shunt unit, the only realistic step change for the
charge regulation loop is a change in commanded charge current.

The charge current reference is fed into the positive input of the current regulation
loop error amplifier. Since the gain from the reference circuit to the charge current is 1
+ R/R;, any change in reference voltage is instantaneously translated to the output of the
error amplifier. Since this would cause considerable overshoot and possibly oscillations
within the loop, filtering of the reference signal is required. This filtering is accom-
plished quite simply by the addition of a capacitor across the reference voltage resistor
divider. The addition of this capacitor is good practice anyway for noise filtering of the
reference signal.

Experimental results of a step change in commanded current are shown in Fig.
4.14. The waveforms show both an increasing and decreasing current transition (a 1 A
transition is commanded). The step change is the bottom waveform; the top waveform
is the charge current. It can be seen that the current exhibits very little overshot (0.5 A)
and has a settling time of approximately .4 ms. This settling time is primarily deter-
mined by the RC time constant of the reference circuit. The time constant of this circuit
is 68 ps. This overshot and settling time are quite well behaved and in fact show the
current loop to be stable. Since the battery has such a long time constant, the transient

will not be "noticed" by the battery.
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4.8 Bus Regulation Mode

As was previously discussed, during the time when the solar array is unable to
supply both the load current and the commanded battery charge current, the charger
maintains bus voltage by cutting back on charge current. During this time the charger is
regulating bus voltage. From the charger point of view then, the bus voltage is now an
output variable, while the battery voltage is an input variable. If the charger is visual-
ized from this input/output point of view, it looks and behaves like a boost converter
with reversed power flow. Adding to the complexity of the control design is the load

characteristics. The charger load in bus regulation mode is quite complex and nonlinear

[11].

4.9 Small Signal Modeling

4.9.1 Continuous Conduction Mode

Small-signal modeling of the charger in bus regulation mode (BRM) is facilitated
by the model shown in Fig. 4.15. The figure shows the charger with the CIC loop

closed. It has been shown [11] that the control to duty cycle T.F. is:

ﬁbu: (1+mi,j(l+SRchm)
v d A(s) ’

m
I
i

(4.15)

where
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"L
2
S Ry
Als)=—+
)= 0w+,
and
D 1

Ty 1S the equivalent small-signal load resistance seen by the charger. The negative sign
is due to the fact that an increase in duty cycle (D) causes a decrease in bus voltage.
The T.F. has a LHP zero insted of the RHP zero in a conventional boost converter due
to the reverse current flow. I, is the sum of all four inductor currents or simply the
charge current, and L is the equivalent multi-module inductance.

The control to charge current T.F. [11] is:

VoCous
I, (1+S . )

i=Dz A(S) >

(4.16)

where
Vbu.s
I, =—-DI,. 4.17)

Since 1, D, and I; all change depending on load requirements and battery voltage, this
zero moves considerably, and in fact it can become negative.

The current loop gain, T,, by inspection is:
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where

and

F:RH,(s),

Ti = Fm i
[1 +i)H¢(S)
=G, ~——, 4.18
I,
! =EFMRI’
I
o= .
l Vbu.ccbm
Once the current loop is closed, the control to bus voltage T.F. becomes:
o Fuf, (4.19)
v, 1+T.,-F,KF, ‘
which can be simplified to:
5, (1+5)a+srCo)
—= - —, (4.20)
Ve = 4+ i
(l +mx)(1 "'m,,Q, +m3J
where
T 1
S=T O = 2mD"—05)
VO
~Fnz

G, = v
1+G;+K/;F, 7,

and from [10]
DTR; D
Kf‘"_L_(l ‘E]’
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V
1+G;+K;F,—
. =

x G,
1 i

+—.

Qnmo ;

In [11] a further approximation of ®, is given relying on the fact that G; is usually
much greater than 1 and negative. This, however, may not be the case in a multi-
module converter. Since R; is reduced by the number of modules, this has the effect of
reducing G;. In this case G; had a value of -.4 for a charge current of 10 A. Using the
simplification could lead to large errors in evaluating the T.F.. In fact, in certain cases
the simplification can lead to a pole appearing in the LHP, when in reality it was in the
RHP.

The second order term in the denominator is due to the sampling effect. This
effect is obviously only seen at 1/2 the switching frequency and beyond. Proper damp-
ing of the sampling effect removes any concern over its effect.

The dc gain of the control to bus voltage T.F. becomes negative since the denomi-
nator of G, is negative.

Here we can see the potential problem with CIC control in the bus regulation
mode. The RHP zero in the control to inductor current T.F. has become a RHP pole in
the closed loop T.F. This would be expected, since it is the inductor current which is
the control variable being fed back. It turns out, however, that the RHP pole is not a
significant problem. The system has been analyzed in [11] and shown to be condition-
ally stable. The criteria for stability is that enough gain is in the feed back loop to main-
tain adequate phase margin.

It should also be noted that the pole can be either positive or negative and moves
around depending on load current as well as charge current. The pole occurs at very

low frequencies (< 10 Hz) and moves higher as charge current is increased.
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4.9.2 Discontinuous Conduction Mode

Unlike in the charge regulation mode, where the charger can remain for an indefi-
nite period of time in trickle charge and therefore in DCM, the charger will quickly
move out of the DCM of operation in bus regulation mode. This is due to the low
current required to move into CCM.

It has been shown in [10] that the current loop is not needed in the small signal
model in DCM. Using the PWM switch model, it can be shown [11] that the control to

output T.F. with CIC is:

142 )1+ 5R.Cou)

©,

=F'"GC( s s ?
¢ (1+m—)(1+;')
c2

cl

(4.21)

<>| <

where with several approximations outlined in [11]:

G _ 2Vbus(1 _M)rbus
" D{R(A-M)+ry,},

o = RM*(1-M)
“ L(1-M+2M?)

RMYR(A-M)+r,,}
w,= .
4 e (1=M)YRC, M*+L)+RL

The pole y, is also a RHP pole at very low frequency as in the CCM case. The

dc gain is positive and smaller than the CCM case.
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4.10 Feedback Loop Design

In a complete power system there are two battery charger/discharger units as well
as a shunt unit. Each of these systems regulate the bus to a given voltage. To determine
which unit should be on, and more importantly that only one is on at a time, the power
control unit (PCU) monitors bus voltage and sends control signals to each unit. A sche-
matic diagram of the PCU can be found in Fig. 4.16.

The first amplifier U1 senses bus voltage and provides an error signal to the indi-
vidual error amplifiers. U1 is designed for unity gain. The error signal is divided down
through R5, 6, 7. This voltage divider provides a 1 V dead band between modes. This
ensures that only one of the error amplifiers will be active at a time. The others will be
saturated either high or low, depending on the bus condition.

The PCU is located with the bus capacitor, and the individual error signals are sent
to the corresponding units. In the actual system the bus capacitor and PCU are located
up to 20 feet away from the charger/discharger assemblies. To reduce noise and allow
for the different ground potentials, the error signal is sent to a differential amplifier on
the charger control board. The output of the differential amplifier is control voltage, v..
Notice that the error signal is fed into the negative input of the amplifier. This gives a
positive gain for the error signal. This is necessary in order to have an overall negative
feedback gain due to the nonminimum phase nature of the system [11].

The PCU sends the error signal to both battery chargers. This has the effect of
increasing the system gain by a factor of two. This can be explained by recognizing

that this is similar to having eight modulaes in parallel instead of four. This reduces the
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overall system R;, which in turn increases the CIC loop gain. This must be kept in mind
when designing the error amplifier for bus regulation mode. The control-to-bus voltage
T.F. can be evaluated for a single battery charger if the gain is increased accordingly.

Recall that the control-to bus voltage T.F has a RHP open loop pole, which can
also be seen in Fig. 4.18. This RHP pole causes the charger to be open loop unstable.
With a voltage-loop compensator circuit shown in Fig.4.19, a root locus plot of the loop
gain is shown in Fig. 4.17. It can be seen, that by increasing the compensator gain the
system eigen values are moved from the RHP to the LHP. An unstable system becomes
stable with proper compensation.

In order to design the error amplifier compensation, several decisions need to be
made. First, the cross over frequency must be chosen. Evaluating the control-to-bus
voltage T.F., it can be seen that the maximum gain occurs at maximum charge current.
A bode plot of this T.F. is shown in Fig. 4.18. From this plot a cross over frequency can
be determined. Since the loop gain has a RHP pole, the polar plot of the loop gain must
encircle (-1,0) point once to satisfy the Nyquist criteria. Thus relative stability should
be defined using a gain margin. In order to have adequate gain margin, a cross over fre-
quency of 4 KHz is chosen. This is the condition that determines the integrator gain. A
pole is placed at 18.5 KHz to attenuate switching noise and counteract the ESR zero.
The E.A. zero is placed at 1.85 KHz for adequate gain and phase margin.

To complete the E.A. design, the integrator gain is determined. Since the control-
to-bus voltage T.F. has a gain of 5 dB at 4 KHz, the E.A. is designed to have -5 dB gain
at that frequency. A schematic with design equations for the E.A. is shown in Fig. 4.19.

A bode plot of the loop gain in bus regulation mode is shown in Fig. 4.20 with a
64 V battery and 4 A charge current. This condition shows worst case phase margin as
well as minimum cross over frequency. It can be seen that there is adequate phase and

gain margins (20 dB and 60°). There is a reduction in gain as charge current is reduced
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resulting in a lower cross over frequency. It can also be seen there is excellent agree-
ment between the theoretical model and the experimental data. The cross over fre-
quency is approximately 1.7 KHz.

To verify system stability a Nyquist plot of the loop gain with the given compen-
sation is shown in Fig.4.21. A bode plot of a system containing a RHP pole could give
a false indication of stability. The Nyquist plot shows one encirclement of (-1,0). The
Nyquist criteria however, allows the encirclement of -1, once, for every RHP pole in the
closed loop transfer function. The closed loop transfer function in this mode does
indeed contain one RHP pole. The system is therefore stable.

The loop gain in DCM is shown in Fig. 4.22. There is a further reduction in gain,

although the cross over frequency is not significantly reduced.
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Figure 4.17 System Root Locus,

with respect to the gain variation of the compensator
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4.11 Bus Regulation Mode Transient Response

The peak bus impedance specification for this design was 0.15 Q. A frequency
plot of theoretical and experimental bus impedance is shown in Fig. 4.23. The worst
case for bus impedance occurs at low values of charge current. This is due to the loss of
gain in the control-to-bus voltage transfer function and therefore a reduction in loop
gain. The plot was taken at a charge current of 3.0 A and 64 V battery voltage. It can
be seen there is good correlation between experimental and theoretical data. The peak
value of bus impedance is approximately -27 dB. This corresponds to .044 €, well
below the specification. This will ensure good transient response and no system inter-
action problems.

The transient response is shown in Fig. 4.24. The conditions are as follows: load
current = 8.0 A, charge current = 7.5 A, and battery voltage = 69.2. The load current is
stepped 5 A,,. The bus voltage is shown in the bottom trace, ac coupled to show the
transient response. The bus voltage transient settles to 90% of its final value within
400 ps. This corresponds to a bandwith of 2.5 KHz, which is the approximate bandwith
of the converter in this operating condition. The peak transient value of bus voltage is
250 mV. This is approximately the current step times the ESR of the bus capacitance.

The transient response is very well behaved and confirms the system stability.
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5. Conclusion

The analysis and design of a MMMP battery charger has been presented. This
work has resulted in a low weight highly efficient battery charger.

The MMMP and SM battery chargers have been quantitatively compared. This
analysis has shown the MMMP converter to have significant advantages over SM con-
verters. It has been shown that even with more components, the MMMP converter is a
lighter subsystem than the SM. This is due to increased efficiency.

The MMMP converter also exhibits superior filter requirements. The equations
describing the input and output current characteristics have been derived. The multi-
phase operation provides significant improvement in the current waveforms. For appli-
cations that have extremely low ripple specifications, the multi-phasing approach is
clearly indicated even without the efficiency gains.

The power stage design has been documented. The power stage performance was
shown to be quite excellent. The switches actually had no spikes or ringing in the volt-
age waveforms. The input and output ripple was significantly below specification with
only minimal filtering. In addition, the power stage was able to achieve 97% efficiency
at minimum battery voltage and maximum charge current.

The current system design was significant in that the theoretical modeling was
able to be verified using realistic solar array [13] and battery [14] simulators. Both
charge regulation and bus voltage regulation loops were modeled and compared to
experimental data. The models matched extremely well with the measurements.

The control loops were designed and both modes shown to exhibit good stability

margin and transient response.
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Due to the multi-module nature of the converter, CIC control was necessary to
achieve current sharing between the modules. The CIC control was shown to provide
performance benefits in both modes.

It has been shown the MMMP battery charger is a good choice for the charger

subsystem, exhibiting excellent static and dynamic characteristics.
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