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Abstract—This paper describes a power electronic system that, Utility/Charging Station Vehicle
among other possibilities, can be used to charge electric vehicle =~ ;=-=-==--==-=ccccmmmmmcm i e
batteries. A large-signal linear multirate digital controller for
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I. INTRODUCTION

N A REGULATIONapplication, a power supply is typically Fig- 1. Charging system overview.
tasked with maintaining a fixed voltage or current in the

face of possible disturbances. Control schemes based on sm@jzanced or proposed battery technologies, the controller may
signal linearized models are often completely adequate ig& required to follow large rapid changes in a charging-current
such power supplies for at least two reasons. First, the poWgference. This is a tracking application.

supply does, in fact, generally operate around a nominalywe are engaged in exploring the use of a boost-type unity-
operating point, and the assumptions made in developiggyer-factor (UPF) rectifier in a charging system illustrated
a small-signal model for control are therefore reasonabif. ine block diagram in Fig. 1. This system is similar to
Second, precise quantitative characterization of the recovegyqingies considered in [1]. Power is transferred to the vehicle
characteristics from extreme transients may not be Necggq,gh an inductive coupling, which is considered by some to
sary or may be empirically or approximately determinedyimize operator safety and connector life [2]-[7]. A bridge
Large energy-storage elements (capacitors, inductors, or ey&nier operating from a dc link created by the UPF rectifier
batte_rles) can, for a price, substantl_ally m_oderate the _efr?mpresses a high-frequency ac signal on the primary of a
Qf d_|sturbances. As long as a designer includes _SUﬁ'C!%ﬁatively lightweight inductive coupling. Unity-power-factor
filtering or energy storage to ensure adquate opera}t}on W'“E)' eration is essential to ensure maximum power delivery for
af:cepted tolerances for' a range .o.f typmal cqndmons At fastest possible charging and to minimize the generation
disturbances, only qualitative stability information may be harmonic currents. The voltage on the secondary side of the

necessary regarding extreme transients. o . . T
) T coupling is applied to the battery-charging circuitry inside the
In a tracking application, on the other hand, a controller , . . . ;
-vehicle. The inverter operates with a fixed frequency and duty

works to cause an output voltage or current to follow (within cle to maximize efficiency. To alter the charging current, the

. C
some tolerance) a desired reference waveform as a functu%n . o :

. : ; arging-current controller modifies the dc-link voltage created
of time or some other variable. There may be no singlé

. . : . at the output of the UPF rectifier. The dc-link voltage must
nominal operating point for the converter, and its controller, . ) .
ay above the peak ac-line voltage in order to insure UPF

must provide stable well-characterized performance in th i Y : batt harai licati thi
presence of large-signal variations. Also, for reliable tracking,pera lon.- However, In a battery-charging appfication, this

a relatively high-bandwidth control scheme may be essenti ?nstraint is easily satisfied by scaling (within the inductive

Consider, for example, a power electronic charger for eIectﬁ?uDl'ng) the battery terminal voltage to a level above the

vehicle batteries. Depending on the battery, especially WiPr‘?ak a_c-llne voltag_e. In our prototype, a capaCI_tlver coupled
transmitter relays information about the charging current to
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v i load power, respectively, during theh cycle. The variable
e Q) Curent Loop T, represents the period of one rectified input line cycle, i.e.,
o ) 1/Tr = 120 Hz, and C represents the value of the boost
V‘L'f,ﬂ;ﬁ:fp . rectifier capacitor. The index in the sampled data model (1)
oo e increments once evefy;, s. The sampled data power-balance
""""""""""""""" " model of the boost rectifier is illustrated schematically with
Fig. 2. High-power-factor preregulator. the use of the: transform [11] in Fig. 3.

Because this model isot a small-signal approximation, it

to be part of the charger. The system shown in Fig. 1 could i§sespecially suitable for use in developing a controller for

easily be used with an ohmic connector by moving the entif@cking applications like the battery charger. Because it is
charger into the vehicle.) a sampled data model, it is a convenient starting point for

In contrast to UPF controllers for typical regulation apd€veloping a digital controller. We begin by developing a

plications, the charging system requires a controller whodiscrete-time (DT) controller for the squared output voltage
stability is verifiably guaranteed over a wide range of operatince this is the state variable described by the power-balance
ing conditions. Also, for adequate tracking performance, thBCd€l. Charging current is controlled by a DT outer loop
controller may need to respond swiftly to command changHi@t computes the reference for the inner voltage loop. The
or load disturbances over this range. This paper describelP#@ charging system consists of a multirate cascade of three

multirate digital controller for battery charging that meets thedi¢Sted control loops listed from the highest to lowest closed-
demands. loop tracking bandwidth: an innermost current loop to control

and shape the input current to the boost converter, a voltage
loop to control the output bus voltage, and an outermost
current-control loop to track the desired output charging-
A boost converter as shown in Fig. 2 serves as the URGrrent profile. In our prototype, the inner current loop is
rectifier in the battery charger. The input voltage is thgnplemented with analog hardware. The outer voltage and

rectified ac utility voltage. All voltage and current variablegyrrent loops are implemented on a digital microcontroller.
in Fig. 2 refer to quantities averaged over at least one switch

period, i.e., switching ripple will be ignored in the following
discussion. An inner current loop controls the input or inductor
currentiy(t) to follow a desired reference waveforip(t) In [9] and [10], the voltage loop is stabilized with the DT
by providing an appropriate pulse-width-modulated switchingersion of aproportional-integral (PI) compensator. A DT
seqguence to the controllable switch. To ensure UPF operatiascumulator serves to “integrate” the squared output voltage
the reference waveforn),(¢) is a scaled copy of the rectifiederror. A future accumulator statg;[» + 1] is computed as the
input voltage waveform. An outer voltage-loop controller casum of the current accumulator statgn] and the output error
adjustv, to a desired value by varying the scale fadtarsed
to computei,,(¢). Changingk is tantamount to changing input ouln+1] = oy[n] + (X[n] — z[n]) 2
power. .

In [8] and [9], a large-signal linear “power-balance” modef'hereX(n] is the squared voltage reference dadn] —xz[n])
of the boost UPF rectifier was derived using Tellegen’s th& the error in the squared voltage at timein [9], the control
orem [10]. Assuming that the inner current loop works welfommand or scale factdr is computed as the sum of a term
the inductor-current waveform is presumed to be a scaled Co%g)pomonal to the output error and another term proportional
of the input voltage waveform, i.eir(t) = kv (t). Also, to 10 the accumulator state
ensure unity-power-factor operation, it is presumed khahd C
the load powerP will vary no more frequently than once kln] = W(
per rectified line cycle. With these assumptions, the following

sampled data model of the boost rectifier may be developed: This choice of compensation results in a closed-loop system
T2 o7 whose dynamics are, unfortunately, dependent on the load
L L

k[n] — == Pln] (1) power P[n]. We will see in the next section that the inability
c c to guarantee the voltage-loop dynamics independently of the
where the state variablen] denotes the value of treguared load would significantly complicate the development of the
output voltage at the beginning of theh cycle. Similarly, outer charging-current control loop. To make the voltage-loop
k[n] and P[n] represent the value of the scale factcsnd the dynamics independent of load power, the control command

Il. BACKGROUND

Il. V OLTAGE CONTROL

hi(X[n] — x[n]) + haou[n]). (3)

z[n+ 1] = z[n] +
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Fig. 5. Closed-loop current control.

first 3 s in the figure show the soft-start mechanism of the con-
verter after which the closed-loop command following begins.
The dashed line in Fig. 8 represents the voltage command.
Note that the transient response exhibits a significant amount
of overshoot due to the low-frequency zero in the system.

“Integral” Gain

Fig. 4. \oltage loop.
IV. CHARGING-CURRENT CONTROL
in the charger prototype is computed as in (3), but with the The gutermost control loop in the battery charger ensures

addition of a feedfoward of the load power that the output charging current tracks a current reference.
- C ) This loop creates a desired charging current by computing an
k[n] = W(hl(X[”] = z[n]) + h2ou[n]) + 75 PInl- (4)  appropriate voltage command reference for the voltage loop

to follow. The complete system is illustrated schematically in
In a charging circuit, both load terminal voltage and terminglig. 5. The dashedoltage loopbox in Fig. 5 represents the
current will be available, and computing load power requirgspost converter and voltage-loop control circuitry shown in
little additional expense or computational effort. Substitutingig. 4.
(4) into (1) yields a new second-order large-signal linear modelThe load dynamics are easily represented by a driving-point

for the actively controlled boost converter admittance for a wide range of loads (e.g., battery types) in

the charging-current loop. Given the availability of a function

ot 11 _ -1 ou[n] 1 X[n] relating applied terminal voltage to load current, a natural
zin+1] |~ |hy (1=hy) || z[n] hy ' 9 app 9 *

and convenient formulation for the current loop is to assume

) that load or charging current will be sensed, and a desired
terminal voltage will be created by the action of the current-

loop computation and the voltage amplifier (boost converter

(2= h1) £ \/h? — 4hy and voltage loop). Howeversquaredoutput voltage is the
71,72 = 2 6) state variable controlled by the voltage loop. This complicates
and a finite zero exists at the formulation of a complete state-space description for the
full three-loop system.

(h1 = h2) 7) The guaranteed convergence of the voltage loop, indepen-
hi dent of load dynamics, facilitates simplifying assumptions.

. . Recall that the DT voltage loop operates with sample step
The complete system, with the voltage loop closed, is shown . . .

. . : . index n. The current loop will be designed to operate with
schematically in Fig. 4. Selecting gaihs andh. so that these . . o

; : ample indexN, wheren = QN and @ is a positive

poles have a magnitude less than one results in a stable system. :

. . integer. That is, every step of the DT current loop corresponds
Once gains have been calculated to yield stable closed-loop . .

. ; . . 10" () steps of the voltage loop. Thiswltirate arrangement
pole locations, the system will remain stafide practically any

load because (5) is independent of load power. This guarant%nﬁakes It po§5|ble to model the voltage-loo.p dynamics, from
he standpoint of the outer current loop, in any of several

convergence substantially simplifies the construction of t o . ) )
. . s%mpllﬂed ways. Two approaches will be considered here: a
charging-current control loop. The exact time, or number § . L
line cycles, required for the voltage loop to converge depengglay model of the voltage loop appropriate for resistive loads
’ and a zero-order hold (ZOH) model appropriate for loads

on the aggressiveness of the pole locations. Naturally, this type N . X . .
of sampled-data control loop is only suitable for application'l.z(?presemalble as combinations of linear time invariant (LTI)

that require a controller bandwidth below thé7;, = 120 Hz circuit elements and independent sources.
sample frequency.

The above voltage loop was implemented in our prototyge Delay Model
charging system. The prototype system is described in a late©One possibility, employed in our prototype with a resistive
section. The closed-loop poles were set;at 25 = 0.90 with  load, is to select) and the closed-loop pole locations of the
a zero located at = 0.95. The voltage-loop command wasvoltage loop so that the output bus voltage will converge to a
programmed to step periodically between an output voltage réw referenceX in a single step of the current-loop indék
300-350 V. The experimental results are plotted in Fig. 8. TAdat is, the current loop computes a voltage reference at time

The closed-loop system has two poles at

<
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In the z plane, the closed-loop system poles for the charging-
IIN] +-~ 1IN | pigitat Current |VoIN1 (2 I
N Controfler —‘ current loop are
J 2
h h 2h 4h
-2 g f(Be) 42 B
! X ! R R R R
| Pln} i) i 21,20 = > (13)
. R v - .
XIN1: | Digital Voltage & UPF Load P and a finite zero exists at
' Controller - Supply [ o {n)] ; (h ha)
E xin E _ 3 — 4
S Vottage Loop (¢! Delay) ! T k!

The stability and transient characteristics of the current loop
Fig. 6. Current-control system. may be adjusted by selecting appropriate proportional and
“integral” gains hs and hy.

N. This reference is squared and supplied as the command
reference to the inner voltage loop. With the proper choice B ZOH Model
@ and the voltage-loop poles, the output bus voltage will have For a resistive load, load terminal voltage is proportionally
converged to the reference command supplied by the currestated to load terminal current. This made it easy to step
loop by time N + 1. Under these assumptions, the voltagitom (10) to (11), while developing the full-state equations
loop may be modeled as a unit delay on the slow current-logp?) for the current loop in the previous section. For a more
time scale. This arrangement is illustrated in Fig. 6. Signals soamplicated LTI load model, the delay model of the voltage
the figure are indexed byn™ or “ N,” depending on whether loop may not be as easy to apply. In this case, we can
they are part of the fast voltage loop or slow current looxploit the guaranteed large-signal transient characteristics of
respectively. the voltage loop to develop other useful control models and
With a resistive load and modeling the voltage loop as a@pproaches.
unit delay on the time scale of the current loop, the charging-Once again, the DT current loop steps with indéxwhere
current loop may be satisfactorily stabilized with a PI-type Dihe index of the voltage loop = QN and @ is a positive
compensator. The current-loop accumulator state variaple integer. We now add the additional constraint that the voltage

is governed by the state equation loop, given a new reference, will drive the output voltage to
) this reference imany fewethan steps of the index. This
oi[N + 1] = oi[N] + (I[N] — ¢[N]) (8)  condition is ensured through judicious selectionand the

closed-loop pole locations of the voltage loop. Given these

conditions, the voltage loop may be modeled as a ZOH on the

time scale of the outer current loop.

©) For an LTI load, the load terminal current can be related to
the applied terminal voltage by an expression for the driving-

gams,point admittance of the load, represented henceforth by the

respectively. continuous-time (CT) Laplace transforH s).! Assuming that

Modeling the action of the voltage loop as a unit delay off st(_aps of the index are substantially longer than the time
the time scale of the current loop, the output voltage appli€gdUired for the voltage loop to settle to a new command
to the load is equivalent to the delayed command signal, i.é(_a’ference, the CT voltage applied to the load will appear “pulse

like” throughout one step of the inde¥, i.e., the operation

V[N + 1] = V,[N] = ha(I[N] — i[N]) + hyoi[N].  (10) of the voltage loop will closely approximate that of a ZOH.

The current-loop controller will provide a command reference
With a resistive load, a state equation focan be written to the voltage loop and will also sample the load current on

where I is the current reference andis the actual output
current. The reference voltagg is

Vo[N] = ha(I[N] = i[N]) + haoi[N]

where hs and hy are the proportional and “integral”

using (10) and Ohm’s law each step of the current-loop indeX. Fig. 7 schematically
illustrates this arrangement. The ZOH block represents the
N +1] = @(I[N] —i[N]) + Eai[N]. (11) boost converter with vc_)Itage Ioop. o .
R R The ZOH and sampling operations in Fig. 7 model the in-

Equations (8) and (11) together describe the state dynamicd&@face between the CT driving-point characteristic of the load
the charging-current loop and the DT current loop [13]. The DT driving-point admittance

can be described as:aransformH (z). The admittanced ()

[ai[N + 1]} B }34 _}33 [ai[N]} is related toH (s) by a step-invariant transformatiofil 1].
(N +1] R R i[N] IMany loads of interest can be modeled as circuits consisting of LTI
circuit elements or as switched circuits that are piecewise LTI. Most batteries,
}% IIN 12 on the other hand, tend to exhibit nonlinear driving-point current/voltage
+ 3 [ ] ( ) characteristics. It is often possible, however, to develop LTI or piecewise
R LTI battery models (see [12], for example).
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220
Given H(s), the DT transfer function(z) may be com- 200
puted as follows. 180 : : : :
1) Compute the step response Mfs). That is, calculate 160 i i .

0 2 4 6 8 10 12 14 16 18 20

the inverse Laplace transform éf(s)/s. Time (seconds)

2) Sample the resulting CT step response) to obtain
z[N] = =(NT). Fig. 8. \oltage-loop step response.
3) Determine the: transform ofz[N], denoted byX ().
4) The z transform X (z) represents the step response of
the DT transfer functiorf (z), i.e., zH(z)/(z — 1). To
find H(z), multiply X(z) by ( — 1)/z.
Tables relating common functiorf$(s) to their “pulse” trans-

fer functionsH(z) may be found in many texts (see [13], for ~'® N /T
eX&mp'e). 200 5 10 15 20 25 30 35 40 45 50
In general, complex load models will add state variables

to the overall current-loop state-space description through the @)

driving-point admittanceH (z). In such cases, the current- 4o

loop state equations will generally be more complicated than 5 R

those summarized in (12). Gains might have to be adapted \ \ /\

and/or different compensation schemes might be needed fgr ° v \[ ' / \

different loads. Fortunately, the digital implementation of the -5

current-loop controller accommodates these changes. 10 i i i H H H :
The approach outlined in this section requires that the © 5 10 15 20 25 30 35 40 45 50

voltage loop converge to its reference in many fewer tfan Time (ms)

steps of the index. This limits the performance of the current (b)

loop. In principle, however, the voltage loop can be madey. 9. Uncorrected input current.

deadbeafl10], i.e., the voltage loop can converge in two steps

of the indexn or one electrical input line cycle. This, of course,

is subject to the limitations imposed by the maximum current The ‘inner current loop operates using averaged current-

command that can be followed by the inner current loop at%pd.e control similar to preyious designs [9]’ [1.6]' However,
by the discharge rate made possible by the loading conditioﬂg.S |rt1ner gurrent Io.oplwai.lmplemenftedt with dlsctfete a;g(l;)g
Nevertheless, the achievable practical performance appearg%u' ry since a single-chip power-factor-correction ( )

be more than adequate for high-performance battery-charg troIIer. such as the Unitrode UC3854 d.o?s not currently
applications. exist for interleaved converters. Both the digital voltage and

charging-current controllers were implemented on a single In-
tel 8B0C196KC microcontroller (with plenty of spare processing
V. EXPERIMENTAL RESULTS power). The code for the microcontroller was developed in the

The prototype 1500-W boost converter utilizes an intef Programming language using a crosscompiler from Intel.
leaved design. The converter consists of eight identical stagesI he operation of the voltage-loop controller was synchro-
which together feed an output capacitance of approximatdlized to the period of the rectified lin€; by an external
1410 pF. For these preliminary tests, a 1438resistor was interrupt generated from the ac line. For tests with the resis-
used as a load. Each boost stage is composed of g:8401ive load, the delay model of the voltage loop was used to
inductor, a Motorola MTW14N50E MOSFET, and a Motorolalevelop the charging-current controller. The charging-current
MUR1560 diode. The switching frequency for each stage is #%0p indexV in the prototype increments once for every 50
kHz, however, the individual clocks are shifted in phase frosteps of the voltage-loop index The gainshs and hy were
each other by 1/8th of the 25-kHz period. This results in a ng¢lected to locate the closed-loop poles of the outer current
current-ripple frequency of 200 kHz. This type of converter hdeop atz = 0.20 with a zero located at = —0.07.
several advantages over a conventional noninterleaved desigikig. 9 shows the steady-state input current and voltage
and a thorough analysis of this converter can be found in [1Before any control action commences. The input current and
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Time (ms) Fig. 11. Step response: command and measured current.

(b)

Fig. 10. Corrected input current.

25 T T T T T T

voltage are measured at the ac line before the full-wave
rectifier that precedes the boost converter. Initially, all three ,
control loops are inactive, and the MOSFET’s in the boost
converter are held in the off state. The input current exhibitg
the “spikey” shape that typically occurs when a sinusoidaf®
voltage is rectified and used to charge a capacitor. When the , g
output voltage stabilizes, the inner current loop is activated.
The input current assumes the shape and phase of the input
voltage waveform, indicating the inner current loop is func- ; i i i i i
tioning properly. The 80C196KC performs a “soft start” by i i ; i i i
sending open-loop scale factor commands to the inner current  ° 10 20 30 40 50 60 70
loop, causing the input current to rise gently until the output Time {seconds)
voltage/current is close to a desired initial operating point. Ag. 12. Ramp response: command and measured current.
this time, the processor initializes the voltage and charging-
current loops in the microprocessor, and closed-loop controlfeledfoward as described in (4) operates as anticipated. The
the output current begins. Fig. 10 shows the steady-state inpgkage-loop dynamics can therefore be guaranteed with minor
current and voltage after the control loops have been activatgsktrictions on load behavior, permitting us to approximate the
With the power level set to 800 W, the input power factojoltage-loop behavior in a number of different ways from the
and current total harmonic distortion (THD) were measured &andpoint of the outer charging-current loop. The experiments
0.999% and 1.4%, respectively. presented here directly demonstrate the performance of the
Figs. 11 and 12 show the output current during two differegharging-current loop and its close agreement with predicted
tests with the converter. Each figure shows a charging curreagylts.
command reference (dashed line) and the experimental curvehe pole placements for the charging current and voltage
(solid line) from the hardware prototype. In Fig. 11, the currenéops in the prototype were not aggressive, i.e., the transient
command reference is a square waveform, and in Fig. ¥8sponse could be improved if necessary. We are working to
the command reference is a sawtooth waveform. The sofést the performance of the controller with different, more
start procedure dominates the first approximately 3 s of eaghallenging loads and load models. Also, we are engaged in
output-current profile. After the soft start, when the currenstudying the robustness of the multirate cascade controller in
and voltage-loop controllers engage, the output current closeh face of load model errors or uncertainties, which may be of
follows the command reference. Since a resistive load wggecial concern in a field version of a battery charger, where
used for these tests, the output voltage tracks the currefnificant deviations or drift in battery parameters may occur.
proportionally; thus, voltage plots are of little value and werghe digital implementation of the charging current and voltage
therefore omitted. loops makes it easy to consider adaptive or scheduled control
compensation for different loads in the field.

VI. CONCLUSIONS
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