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A switching operation of two switching elements is con-
trolled by a controller. Specifically, by adjusting the duty
ratio concerning the lower switching element, a capacitor
voltage is controlled to a target value. This control is
executed not only by simply performing a PI control with
respect to the capacitor voltage based on a deviation from
the target value, but also by performing feedback control
with respect to battery power and output energy. Further, a
scheduling factor based on battery voltage, capacitor volt-
age, and the like is employed to control the gain of the
feedback control.
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DC/DC CONVERTER CONTROL SYSTEM

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates to control of a
DC/DC converter for increasing or decreasing a direct
current voltage.

[0003] 2. Description of the Related Art

[0004] A DC/DC converter is conventionally used to
obtain, from a direct current power source, a direct current
voltage which differs from the output voltage of the power
source. For example, in hybrid vehicles and electric
vehicles, while a high voltage is desired for efficient high-
load drive of a motor, it is preferable that the voltage of a
battery which serves as the power source be as low as
possible. For this reason, a system has been proposed for
boosting a battery voltage by means of a DC/DC converter
for use as a power source for a motor. Further, DC/DC
converters are widely employed in many other cases in
which two or more direct current power sources are
required. An example DC/DC converter control system is
described in Japanese Patent Laid-Open Publication No.
2004-120844. A system according to this publication per-
forms control without using a current sensor.

[0005] In this type of system, feedback control is per-
formed with respect to a duty ratio concerning a pair of
switches for connecting a terminal of a reactor alternately to
the power source and ground. More specifically, the output
voltage is measured, and the duty ratio is controlled (by PI
control, for example) in accordance with a difference
between the measured output voltage and a target voltage,
thereby achieving the feedback control.

[0006] In typical cases, the output voltage can be con-
trolled to the target value by such a feedback control.
However, when the target value is varied or when the state
of load changes greatly, a more precise control is necessary.

SUMMARY OF THE INVENTION

[0007] The present invention advantageously provides a
DC/DC converter control system for attaining precise con-
trol of a DC/DC converter.

[0008] According to the present invention, control of a
DC/DC converter is executed not only by performing a
simple feedback control of an output voltage, but also by
correcting the feedback control by multiplying an obtained
feedback control value by a scheduling factor incorporating
the output voltage, power source voltage, a voltage decrease
in the power source voltage, and reactance of a reactor. In
other words, scheduling is performed based on a voltage
equation of the DC/DC converter. With this arrangement,
control can be performed with higher accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a diagram showing a configuration of a
DC/DC converter system.

[0010] FIG. 2 is a diagram showing a linear configuration
of a DC/DC converter system.

[0011] FIG. 3 is a diagram showing a configuration of a
DC/DC converter system including a feedback loop.

Feb. 2, 2006

[0012] FIGS. 4(a)-4(f) graphically illustrate characteris-
tics of controls executed using a continuous system control-
ler.

[0013] FIGS. 5(a)-5(f) graphically illustrate characteris-
tics of controls executed using a discrete system controller.

[0014] FIGS. 6(a)-6(f) graphically illustrate characteris-
tics of controls executed using a discrete system controller
and PWM switching.

[0015] FIGS. 7(a)-7(f) graphically illustrate time
responses of capacitor voltage v during execution of a
control using a discrete system controller and PWM switch-
ing.

[0016] FIG. 8 graphically illustrates the content of a
control executed when the load current is 12 A.

[0017] FIG. 9 is a diagram showing a configuration of an
observer for estimating battery current iy,.

[0018] FIG. 10 is a diagram showing a configuration of a
control system including the observer of FIG. 9.

[0019] FIG. 11 is a graph showing estimated and mea-
sured values of battery current.

[0020] FIG. 12 is a graph showing the battery voltage
control performance.

[0021] FIG. 13 is a graph showing the capacitor voltage
control performance.

[0022] FIG. 14 is a diagram showing a control system
configuration in which a common controller is used to
control an inverter and a DC/DC converter.

[0023] FIG. 15 is a diagram showing a control system
configuration in which separate controllers are provided for
an inverter and a DC/DC converter, and the controllers
perform information exchange.

[0024] FIG. 16 is a diagram showing a control system
configuration in which separate controllers are provided for
an inverter and a DC/DC converter, and the controllers do
not perform information exchange.

[0025] FIG. 17 is a diagram showing a configuration of an
observer for estimating load current.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0026] The preferred embodiment of the present invention
is next described referring to the drawings.

Voltage Equations of DC/DC Converter

[0027] FIG. 1 is a diagram showing a basic configuration
of a DC/DC converter. One terminal of a reactor 12 is
connected to the positive terminal of a battery 10, which is
a direct current source. The other terminal of the reactor is
connected to first terminals of two switching elements 14,
16. The second terminal of the switching element 14 is
connected to the negative terminal of the battery 10, while
the second terminal of the switching element 16 is connected
to an output terminal. A capacitor 18 for retaining voltage is
provided between the output terminal and the negative
terminal of the battery 10. Each of the switching elements
14, 16 is constituted as a structure in which an NPN
transistor and a diode are connected in parallel. In the
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switching element 16, the collector is arranged on the output
terminal side while the emitter is located on the reactor 12
side. In the switching element 14, the collector is arranged
on the reactor 12 side while the emitter is located on the
negative terminal side of the battery 10. In order to allow
electric current to flow from the emitter side to the collector
side of the transistors in the switching elements 14, 16, the
diode in each of the switching elements 14, 16 is arranged
such that the anode is connected to the emitter while the
cathode is connected to the collector.

[0028] In the above-described DC/DC converter, by turn-
ing on the switching element 14, a current flows from the
positive terminal of the battery 10 toward the negative
terminal through the reactor 12, and energy is accumulated
in the reactor 12. By turning off the switching element 14,
this current flow is stopped. At this point, a voltage increase
corresponding to the current flow is generated at a terminal
of the reactor 12. A current in accordance with the voltage
increase flows toward the output terminal such that the
capacitor 18 is charged and the output voltage is increased.
When the switching element 16 is turned on, a current flows
from the capacitor 18 toward the positive terminal of the
battery 10, resulting in a decrease in the output terminal
voltage. As such, the output terminal voltage of this DC/DC
converter is determined according to a duty ratio of an ON
period concerning the switching elements 14, 16. It should
be noted that the duty ratio referred to in this specification
denotes the ratio of time during which the upper switching
element 16 is turned ON.

[0029] Voltage equations of the above-described DC/DC
converter may be expressed by Equations (1) and (2) below.
In the equations, as shown in FIG. 1, V, denotes voltage of
the battery 10, R, denotes internal resistance of the battery
10, k, denotes the duty ratio of the switching elements 14,
16, L denotes reactance of the reactor 12, i, denotes the
current which flows in the reactor 12 toward the battery, ¢
denotes capacitance of the capacitor 18, v, denotes voltage
of the capacitor 18, and i, denotes the current (load current)
which flows from the output terminal toward an external
load.

[0030] While vectors and matrixes are normally expressed
using symbols in bold-faced type, symbols denoting vectors
and matrixes in the text of the present specification are
denoted using ordinary type as used for scalars because
bold-faced type may not be clear in printed patent publica-
tions.

d
di

M

1
ve = —(=kylp ~ip)

d 1 ) 2)
i z{kyvc = (Rpip + Vp)}

[0031] In the present embodiment, a controller 20 controls
the switching operation of the switching elements 14, 16 so
as to adjust the duty ratio, in order to maintain the output
voltage at a target value. The controller 20 receives inputs of
battery voltage V,, battery current i,, capacitor voltage v,
and load current i,. Concerning the battery current i, and
load current i, values estimated by an observer may alter-
natively be used in place of the actual values.
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Derivation of Control Method According to the Preferred
Embodiment

[0032] The above voltage Equations (1) and (2) for the
DC/DC converter are expressed using vectors to be con-
verted into Equation (3).

4. B &)
= F 00+ g0ou+ Bl

Ye
x’:(_ ],14:/(y
b
1

0 -2, _l
f(x)=[ I }g(x)z N ,BW:[ c]
—p(Roip + V) 0

—v,

L

[0033] Linearization is performed with respect to this
Equation (3) by executing a state quantity conversion and a
feedback as shown in FIG. 2. As a result of this lineariza-
tion, a linear system is attained between input v and new
output & of the DC/DC converter system, allowing the
system to be easily controlled by externally providing
simple control means.

[0034] More specifically, in the system of dx/dt=f(x)+
g(x)u having input u and output X, the output x is used to
supply a(x) as a feedback to the input side. It should be noted
that u and x are not the actual input and output of the DC/DC
converter system, as can be seen in FIG. 2. The actual input
v is converted into u by b(x) which uses output x. Further,
the output x is converted by T(x), and the obtained value §
is supplied as the output from the DC/DC converter system.

[0035] Note that a(x)=(Ryi,—Vy)/ve, b(x)=—L/2Ryi,—
Vu)ve, and T(x)=E=(E, &,) (column vector) hold true. Also
note that L =L.

[0036] Accordingly,

y=[(0:"2 NN T(x)-T(@) }+(EK0) [{T(x)-T(x) ]
holds true, which is used in Equation (13) below.
[0037] Further,

vl (@200 ){Tx)-T(0)}+ KO [{Tx)-T() br]

holds true, which is used in Equation (11) below. Here, X,
denotes the target value of x.

[0038] According to a specific method for the lineariza-
tion, phi(x) which satisfies the Lee derivatives given by
Equations (4) and (5) is calculated.

0¢ (—ipy O0¢ v G
Lad?g¢(x)_a—%(7)+ﬂz_0

¢ (R, 1 8¢ Ryu. 5)
Lad}ﬁ(")—a—uc(c—u*z]*a—ib B

[0039] One solution for these Equations (4) and (5) is
d(x)=cv *+L i, 7.

[0040] The above Equation (3) is converted as below
using this ¢(x) In other words, the following state equation
is obtained assuming &,=(1/2)¢(x).
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0 bl

&= %(cv% +Lyi}) @

& = —ip(Rpip + V) (8)
w ==y )
ZRbib +Vy Rpip +Vp (10)
v=— Uc(ky - )
L, Ue

[0041] Equation (6) shows that the system is linearized
concerning input v and output (state quantity) E.

[0042] A section which performs a feedback control of the
linearized system is next described. Basic features of the
feedback control are that system responsiveness is deter-
mined by pole assignment, and that an integral term is
introduced in order to reduce a steady-state voltage offset.

[0043] The feedback control according to the present
embodiment is given by Equations (11) and (12) below,
wherein &,; and &, denote target values of §; and &,.

= (an
v= (W 2o, )(z:;_i ]+K;f(§,1 —&)dt
- 12
= (Wl 2, )(Z_i]+l<;f(va—uc)a¢z e
[0044] In accordance with the above Equations (11) and

(12), the actual control of the DC/DC converter is expressed
by Equations (13) and (14).

~ L (13)
7T T 2Ryip + Viue
Ryip +V)

» & —51] _
{(‘”c e, )(§r2_§2 +th(§r1_§l)d[ + o

L, 14
TRy + Vi,
Rpip +V}

) & -6 ] :
{(wc e, )(frz—fz +K‘f(Vcr—uc)a¢t .

[0045] FIG. 3 is a block diagram showing the DC/DC
converter system according to Equation (6) into which the
control system according to Equation (13) is incorporated.

[0046] In FIG. 3, a feedback system for performing PI
control is added to the system of FIG. 2. More specifically,
a difference calculator is used to calculate an error between
output § and target value &,. Subsequently, the calculated
error is multiplied by proportional coefficient Ky, to obtain
a proportional term. Further, the calculated error is inte-
grated and then multiplied by coefficient K;; to obtain an
integral term. The proportional term and the integral term
are added to obtain input v.

k

ky =

[0047] Because the system comprising input v and output
£ is linear, feedback control of the system can be easily
executed by PI control.
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[0048] The system characteristic of the linearized system
can be confirmed as below. By substituting Equation (11)
into Equation (6), the following equations are obtained.

d(fl]_ (15
dilg

0 1 &1 0 0 &1 0 1
- | (]| w
[—wi -2nw, ](fz] [—wz -2new, ](frz] (1] (0]

d = d
i f(fr] -&ndt

(16)

[0049] According to this control, system responsiveness is
determined by ., while damping is determined by ).

[0050] In a control using Equation (12) in place of Equa-
tion (11), system responsiveness is determined by w_, damp-
ing characteristic during a transitional period is determined
by 1, and a characteristic with respect to steady-state voltage
offset is determined by v_ (these are only approximate
statements which are slightly inexact because & and v, are
actually not independent from one another).

[0051] Next described is a method for calculating target
values E, and E,. Here, load current i, is assumed to be
known. First, zero is substituted as the derivative value for
Equations (1) and (2) so as to obtain Equations (17) and (18).
Subsequently, k, is eliminated from these equations to obtain
Equation (19). It is assumed that, in Equation (19), the
capacitor voltage is equal to the target value. Accordingly,
target battery current value iy, is calculated by Equation (20).

1 17
0= —(=yly = Ip) an

1 X (18)
0= z{kyUc = (Rpip + Vjp)}

Ry} + Viip + iy =0 (19)
_ Vi — Al V2 — 4Ry Vipi, 20
=TT R,

[0052] Target values &, and &, are determined using
Equations (7) and (8) by assuming i, =i, and v_=V_. It is
assumed that i,,=0 holds true when Vb2—4Rchrip<0.

[0053] Alternatively, it is determined as below using
Equations (17) and (18).

x—ipVe (f Ryl +Vy 2 0) @

—ipUe
2 = (Ryip + Vi)iy =
g2 = Rl + Vo)lp { 0 GF Ryip + Vi < 0)

[0054] Target values & ; and &, determined as above are
used in the configuration shown in FIG. 3 so as to perform
the system control as defined by Equations (13) and (14).

Explanation of Physical Significance of the Method Accord-
ing to the Preferred Embodiment

[0055] The physical significance of Equations (1) and (2)
is explained as follows. (1/2)cv.? denotes energy of the



US 2006/0022655 Al

capacitor 18, (1/2)L,i,> denotes energy of the reactor, Vel
denotes power between the motor and the capacitor, and
-1,(Rpi,+V,,) denotes power of the battery. Accordingly, the
first row of Equation (6) is a balance equation concerning
power of the DC/DC converter system.

[0056] Further, the second row of Equation (6) is a balance
equation concerning the battery power. This equation can be
simplified as below by assuming Vi >>||Ryi||-

d . Vb Vb 22)
dT[(—leb) = —L—rUc(ky - U_c)

Vd_ _ V21 k, 1
g ==V g - )

d .
Lr_[(lb) = vk, =V,

[0057] Inother words, the second row of Equation (6) may
also be considered as a voltage equation related to the
reactor current, and therefore as an equation which expresses
the behavior of the battery current.

[0058] Next, what is performed by the control according
to Equation (11) with respect to an actual input k, is
confirmed as below. Equation (11) is substituted into Equa-
tion (10), and the obtained equation is simplified to isolate
. Here, K ;=0 and K ,=2nm_* hold true, the assump-
tions of (1/2)cv 2>>(1/2)L,i,* and R i <<V, are adopted,
and approximations of E,~(1/2)cv.> and E,~-Vi,> are
employed. (The symbol “~” denotes “nearly equal to”.)

R+ Vi L , 23)
YT, (2Rpiy + VU,
SRbrh LKy K
U (2Rpiy + Vp)u,
(g” ~é ]+K;f<vcr—uc>dz}
En—&
Rplp + Vo Lr ¢ 2er 2
ST o QR+ vb)uc{EK”’(v —v)-

(ior = i5) + Ki f (Vor = ve)dt}

Rpip + V; L.cK
T, A B V2. Y. S
Ue Z(ZRblb + Vb)Uc

LK; VoL, Kp2
IRy v 2
<2Rbib+vb)f Vet vt e+ Vo o ™ )

[0059] Further, by assuming that the width of voltage
oscillation is small with respect to the target value and by
again adopting the above assumptions of R,i,<<V, and
V. >>v,, Equation (23) can be simplified into Equation (24)
below.

_ Rpip +V,  LicKp; 24)
Ca— v, (=Ver+ve) +
L.K; VoLiKp> ..
vacrf(—vcrwc)dm ViV, (pr = i)
[0060] In Equation (24), the first term represents a feed

forward control of the duty ratio, the second and third terms
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represent the proportional and integral positive feedback
with respect to the voltage, and the fourth term represents a
negative feedback with respect to the battery current.

[0061] For cases in which V_, is constant, Equation (13)
can be further simplified into Equation (25), wherein V de-
notes a measured battery voltage value.

P L, (25)
T Qup V)V

. Up
{Kpi(Ver = ve) + KpatEn = ivt) + K; f (Ver = veldt} + o=

cr

[0062] As such, the control according to the above-de-
scribed embodiment includes a feed forward control of the
duty ratio, a proportional and integral positive feedback with
respect to the voltage, and a negative feedback for the
battery current. Furthermore, a scheduling factor of
L /((2v,—V)V.,) is applied to the terms for the proportional
and integral positive feedback with respect to the voltage
and to the term for the negative feedback for the battery
current. With this arrangement, control of the DC/DC con-
verter can be accomplished with sufficiently high accuracy.

Verification by Simulation

[0063] The operation of the DC/DC converter according to
the above-described embodiment was verified by simula-
tion, and the results are described as below.

1) Simulation Conditions

[0064] Equations (1) and (2) were used for the simulation.
The conventional voltage feedback control and the method
according to the above embodiment (according to Equations
(6)-(10) and (11)) were employed for the control systems.

[0065] The controllers were tuned at i,=—35 A. For the
controller using the conventional method, a low gain was set
in the region where i,>0 in order to prevent oscillations.

[0066] During the simulation, the behaviors of capacitor
voltage and battery current were examined while varying the
load current i, from 0 A to each selected value in a one-step
manner. Considering the fact that the range of current which
can be made to steadily flow in the DC/DC converter of the
present embodiment was limited to -1323 A(V.?*/
(4V_R))~45.25 A((V,-V_)/R,), the step widths of i, were
selected to be 50 A, 35 A, 12 A, -12 A, =35 A, and =50 A.
Assuming that the capacitor voltage is 650V, the above
current values correspond to application of loads of 33 kW,
23 kW, 8 kW, -8 kW, -23 kW, and -50 kW, respectively.

2) Simulation Results

[0067] The groups of FIGS. 4(a)-4(f), FIGS. 5(a)-5(f), and
FIGS. 6(a)-6(f) illustrate the Lissajous waveforms of capaci-
tor voltage v, and battery current i, obtained when using a
continuous system controller, a discrete system controller,
and a discrete system controller along with PWM switching,
respectively. In each of the groups of graphs, graphs (a), (¢),
(e), (b), (d), and (f) show the results obtained when the load
current was changed in a one-step manner from 0 A to 50 A,
35A, 12 A, -12 A, =35 A, and =50 A, respectively.

[0068] The following points can be concluded from FIGS.
4(a) -4(f), FIGS. 5(a)-5(f), and FIGS. 6(a)-6(f).
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[0069] (i) When i, exceeds the upper limit value of steady-
state current, the voltage cannot be maintained at the target
value using either of the conventional method or the method
of the present embodiment. When employing a discrete
system control, deviations are large, and oscillations con-
tinue according to the present method. For i, in this range,
it is necessary to provide a different control in order to
maintain i, lower than the upper limit value. (Refer to FIGS.
4(a), 5(a), and 6(a).)

[0070] (i) When i, is within the steadily allowable range,
according to both the present method and the conventional
method, oscillating behaviors are more strongly exhibited in
the region where i >0 compared to in the region where i <0.
Meanwhile, compared to when using the conventional
method, the magnitudes of the oscillations are smaller and
convergence is achieved faster according to the present
method. It should be noted that, according to both methods,
the waveforms do not converge to a constant value but
converges to a limit cycle. The limit cycle results from the
switching operation. In order to minimize this phenomenon
of the capacitor voltage, it is considered that a coordinated
operation with an inverter on the load side is necessary.
(Refer to FIGS. 4(b)-4(f), FIGS. 5(b)-5(f), and FIGS. 6(b)-
6()-)

[0071] (iii) Within the steadily allowable range of i,, when
the magnitude (absolute value) of i, is greater, the oscillation
widths of v_ and i, become greater. When the magnitude of
load is 8 kW (i,=£12 A) and PWM is employed, the
oscillation widths of v, and i, are 2V and 20 A according to
the conventional method, whereas the oscillation widths of
v, and i, are 0.5V and 15 A according to the present method.
(Refer to FIGS. 4(e) and 4(f), FIGS. 5(e) and 5(f), and FIGS.
6(e) and 6().)

[0072] FIGS. 7(a)-7(f) show time response waveforms of
capacitor voltage v obtained when a discrete system con-
troller and PWM switching are employed. FIGS. 7(a), 7(c),
7(e), 7(b), 7(d), and 7(f) show the results obtained when the
load current was changed in a one-step manner from 0 A to
50A,35A,12A,-12 A, -35 A, and =50 A, respectively. An
explanation of the case where i,=50 is omitted in the
following discussion of the response characteristics.

[0073] The response time according to the present method
is approximately 10 ms in the region where i,=12 A, and
approximately 15 ms in the region where i, =35 A. It should
be noted that this statement concerning the response time is
made while disregarding oscillations having a width smaller
than 0.5 A, such as those appearing in FIG. 7(¢). In contrast,
the response time according to the conventional method is
approximately 15 ms in the region where i,=12 A, and
approximately 200 ms in the region where i,=35 A
(although this is not shown in the graphs). Based on these
results, it is confirmed that the responsiveness of the present
method is improved compared to that of the conventional
method.

Factors for Enhancement of Control Performance

[0074] The factors which created a difference in the con-
trol performance of the present method as compared to that
of the conventional method are considered to be as below.

[0075] (1) The control gain could be increased in the entire
region by means of the linearization and the feedback for
battery current.
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[0076] (2) By eliminating the lower limit of the duty ratio
Y, an increase in the battery current could be effected in a
shorter period of time.

[0077] By employing the results obtained under the con-
tinuous system control, these two factors are verified in the
section below as differences in behavior between the con-
ventional method and the present method.

[0078] FIG. 8 shows comparison results of k, v, and i,
between the present method and the conventional method in
a case where the load current is 12 A (that is, the load current
is increased from O A to 12 A in a one-step manner).
According to the present method, at the point at which the
load starts drawing current out from the capacitor (t=200 ms
in this case), k, is drastically reduced so as to increase the
battery current i,. In doing so, the lower limit value of the
duty ratio according to the conventional method is sur-
passed. It can be confirmed that, by allowing the battery
current to rise quickly, decrease in the capacitor voltage is
minimized. As such, it can be concluded that the factors
which contributed to the quick increase of the control gain
are the fact that the control gain according to the present
method is sufficiently large in the corresponding region and
the fact that the duty ratio of the present embodiment is
permitted to surpass the lower limit value of the duty ratio
of the conventional method.

Resonance of the Converter System

[0079] The particularly noticeable oscillations which
resulted in the conventional method in the cases where 1,=35
A (corresponding to FIGS. 4(c), 5(c), 6(c), and 7(c)) are
analyzed as below. First, resonance of the DC/DC converter
system is calculated. Considering the state in which the
capacitor voltage with respect to the battery voltage V,, is
controlled to target value V_,, k =V, /V_, holds true under the
condition where V,>|Ri,|. Accordingly, Equation (26) can
be obtained from Equations (1) and (2). The poles s of
Equation (26) are given by Equation (27).

Vb (26)
0 -
d(uc] V¢ (UC] _l
T i = Vi . & i + Oc ip
VerLy
2 (27)

[0080] By calculating the poles using the conditions of the
above simulation, real roots 98 Hz and 9.7 Hz are obtained.

[0081] In a similar manner, by incorporating the conven-
tional control method and performing linearization around
the balancing point (v.=V_, i,=100 A), an oscillation root of
97 Hz (real part: =123 rad/s; imaginary part: 597 rad/s) and
real roots of 76 Hz and O Hz are obtained as the poles.
Among these poles, the pole which causes oscillations is the
oscillation root of 97 Hz. This frequency corresponds to that
shown in FIG. 7(c), and is almost identical to the pole 98 Hz
which was inherent to the system. In contrast, in graphs
other than FIGS. 4(c), 5(c), 6(c), and 7(c), oscillations of
approximately 100 Hz are not observed even when the same
conventional method is applied. It is considered that this
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occurs because, in these other cases, the control gain is
relatively large and the inherent resonance is thereby sup-
pressed. For example, in the cases of FIGS. 4(d), 5(d), 6(d),
and 7(d) where i,=-35 A and the balancing point is (v .=V,
i,=100 A), by calculating the poles of the system while
incorporating the conventional control, an oscillation root of
124 Hz (real part: -358 rad/s; imaginary part: 693 rad/s)
and real roots of 73 Hz and 0 Hz are obtained. Although the
oscillation root similarly exists, the magnitude of the real
part relative to the imaginary part is greater compared to in
the case where i,=35 A, and favorable attenuation is exhib-
ited. It should be noted that the calculated oscillation root of
124 Hz slightly differs from the oscillation frequency
(approximately 150 Hz) shown in FIG. 7(d) because the
analysis is conducted while performing local linearization.

Battery Current Estimating Unit

[0082] A system in which control is executed without
using a current sensor for measuring battery current i, is next
described.

[0083] Based on Equations (1) and (2), an observer is
configured as expressed by the equations below. Because the
internal resistance of the battery cannot be measured, the
observer is configured to use battery voltage v (=R, i, +Vy,)
as the measured value. In the following equations, X denotes
column vector (v, i,) which indicates the state quantity, x,
denotes the estimated value of x, w denotes column vector
(ip» v,) which indicates the measured signal, u denotes the
control input k,, y denotes the measurable output signal v,
y, denotes the estimated value of y, and K denotes the
observer gain.

d = uAx, +bw+ K @8)
e = uAxe +bw+ (Y= ye)
Ve =Cx, (29)

( 0 —l/c] (30)
A=

/L, 0

(—l/c 0 ] )]
B=

0 -1/L,
c=(1 0) (32)

[0084] Using the same symbols, the system to be con-
trolled can be expressed by the following equations.

d (33)
—x = uAx+bw
dt

y=Cx 34)

[0085] This system is bilinear, such that the linear theory
cannot be applied. Stability of this observer is verified by
substituting a Liapunov function and confirming that the
obtained time derivative is negative definite. Here, e=x-x,
holds true, and ¢' denotes the transposed vector of e.
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V=¢e (35)

dV—Z’ A+KC (36)
V= e u(A + KCe

[0086] Because 0=u=1 holds true, the condition for sat-
isfying dV/dt<O0 is that the poles of A+K are negative, which
is considered to be identical to the condition for the linear
observer. When designing an actual observer, the column
vector K=(k,, k,) of the observer gain is determined by pole
placement in accordance with the above-noted results, as
below.

—ky —ky/c 37

uA - KC =
[—k2+k7/L, 0

[0087] The characteristic equation which gives the poles
of this matrix is s”-sk,+(k/c)(k,+k,/L,). Based on this
equation and by denoting the resonance frequency at poles
with o and denoting the attenuation coefficient with T, the
gain is expressed by the following equations.

ky=—(0>Clk,~k,/L,) (38)
ky=—(-2Cw) (39)
As such, the gain is a function of duty ratio k,.

[0088] A block diagram of the observer is shown in FIG.
9. As can be seen, the observer realizes Equation (25).
u(=k,), w(=(i,, v,,)), and y(=v,) are input into the observer.
The adding operation on the right side of Equation (25) is
performed in an adder, and the sum is integrated to obtain x..
x, 1s multiplied by A and u to calculate the first term on the
right side, and the calculated result is supplied to the adder.
The second term on the right side obtained by multiplying
input w by b is supplied to the adder. Further, x, is multiplied
by C to calculate y(=v..). The calculated y(=v..) is sub-
tracted from input y(=v,), and this difference is subsequently
multiplied by K so as to obtain the third term on the right
side, which is also supplied to the adder. It should be noted
that K is dependent on k, as described above. Furthermore,
x, is multiplied by C, to obtain i, and the obtained i, is
output as the estimated value of battery current.

[0089] FIG. 10 is a block diagram showing a configura-
tion in which the observer of FIG. 9 is incorporated into the
control system of FIG. 3.

[0090] As can be seen, u(=k,) and x are supplied from the
control system to the observer. It should be noted that x is
multiplied by C to be converted into v, before being input
into the observer. Based on i, obtained from the observer
and v output from the control system, x=(v,, i,.) is formed
for inputting into T(x) of the control system. With this
arrangement, control can be executed by employing the
estimated value i, of battery current obtained using the
observer, without measuring the actual battery current i,.

Verification by Simulation

[0091] The simulation results obtained using the observer
are shown in FIGS. 11-13. In FIG. 11 which illustrates the
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current value estimation accuracy, it can be seen that the
estimated values almost exactly follow the actual measured
values.

[0092] FIGS. 12 and 13 show the voltage control perfor-
mance achieved when using the estimated values. FIG. 12
illustrates the results for a case in which the control gain is
calculated closely in accordance with k,, while FIG. 13
illustrates the results for a case in which the control gain is
calculated by assuming a k, value which is lower than the
actual k, value. From these results, it can be concluded that
the voltage v_ control performance can be enhanced by
adjusting the control gain K in accordance with k.

Load Power Estimation Unit

[0093] The following methods may be used to estimate the
load power.

[0094] (1) It is assumed that a motor on the load side is
connected via an inverter to the right-hand side of the
capacitor in FIG. 1 (namely, to the output terminal), and the
motor is driven by the inverter. In this case, load power can
be calculated based on electric current information (acquired
by means of a current sensor, for use in current control) and
voltage command values (supplied to the inverter), both of
which are available within an inverter controller. The cal-
culated value is used as &,,.

[0095] FIG. 14 shows an example configuration in which
the above load power estimation is employed. In this con-
figuration, a single controller is employed to perform control
of the inverter and the DC/DC converter.

[0096] (2) It is assumed that a motor on the load side is
connected via an inverter to the right-hand side of the
capacitor in FIG. 1 (namely, to the output terminal), and the
motor is driven by the inverter. In this case, load power can
be calculated based on torque command information and
rotational frequency information (derivative values of rota-
tional angle information obtained by means of a resolver or
the like) which are available within an inverter controller,
while taking into account the motor-inverter efficiency. The
calculated value is used as &,. Although different informa-
tion are employed in this method (2) as compared to in the
above method (1), this method (2) can be similarly used in
the configuration of FIG. 14.

[0097] (3) In a system in which a motor on the load side
(namely, on the right-hand side of the capacitor in FIG. 1)
is driven by an inverter, and a controller for driving the
converter and a controller for driving the inverter are sepa-
rately provided, torque command values may be supplied
from the converter controller to the inverter controller. In
such a system, information is communicated between the
two controllers according to necessity, so as to perform
calculation of load power based on torque command infor-
mation available within the converter controller and based
on rotational frequency information (derivative values of
rotational angle information obtained by means of a resolver
or the like) which is supplied by communication from the
inverter controller. The calculated value is used as &,.
Considering the fact that changes in rotational frequency are
generally slower than torque changes and that delay due to
communication becomes more noticeable concerning
torque, command values are employed for torque to thereby
minimize influences of communication delays. FIG. 15
shows an example configuration in which separate control-
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lers are provided for the inverter and the DC/DC converter,
and information transmission is performed between the
controllers.

[0098] (4) FIG. 16 shows an example configuration in
which separate controllers are provided for the inverter and
the DC/DC converter, and information transmission is not
performed between the controllers. When the DC/DC con-
verter cannot acquire information of the load side as in this
case, load side power is calculated using a disturbance
observer.

[0099] Specifically, a disturbance observer as shown in
FIG. 17 is configured based on Equation (1). In FIG. 17 and
the equations below, v, and i,, denote the estimated values
of capacitor voltage and load current, respectively, while K,
and K_, denote feedback gains.

[0100] According to this disturbance observer, k., i,, and
v, are input, and estimated value i,, of load current is output.
The observer realizes Equations (40) and (41). By substi-
tuting the obtained i, in Equation (42), § , can be calculated.

d 1 . (40)
2V = E(_kylb —ipe) + Kej(ve —ve,)

41
it = Ke2ve = ver) @b
&2 = —ipetc (42)

What is claimed is:

1. A DC/DC converter control system for controlling a
DC/DC converter which receives input of a power source
voltage from a DC power source and supplies a converted
output voltage, wherein

the DC/DC converter comprises a reactor through which
a current from the DC power source is made to flow,
and a pair of switches for switching and controlling the
current flowing in the reactor; and

the control system comprises:

a feedback control section which controls a duty ratio of
the pair of switches based on a difference between the
output voltage and its target value;

a feed forward section which controls the duty ratio of the
pair of switches based on a difference between the
output voltage and the power source voltage; and

a scheduling section which corrects a feedback control
performed in the feedback control section by multiply-
ing a control value obtained in the feedback control by
a scheduling factor incorporating the output voltage,
the power source voltage, a voltage decrease in the
power source voltage, and reactance of the reactor.

2. ADC/DC converter control system as defined in claim

1, wherein

the feedback section further includes a section which
controls the duty ratio of the pair of switches based on
a difference between power of the DC power source
and its target value.
3. ADC/DC converter control system as defined in claim
1, wherein
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the feedback section includes both a control value which

is proportional to the difference between the output

voltage and its target value and a control value which

is proportional to an integral value of said difference.

4. ADC/DC converter control system as defined in claim
1, wherein

inputs of DC power source current, DC power source
voltage, output current, and output voltage which are
input into the control system are subjected to a prede-
termined conversion, while the duty ratio to be output
is also subjected to a predetermined conversion, such
that the control system is configured to be linear.

5. ADC/DC converter control system as defined in claim

1, wherein

the content of control is simplified by assuming that the
output voltage is constant.
6. ADC/DC converter control system as defined in claim
1, wherein

the control system further comprises an estimation section
which estimates DC power source current based on DC
power source voltage, output current, and output volt-
age, and employs an estimated value of DC power
source current obtained by means of the estimation
section.

7. ADC/DC converter control system as defined in claim

6, wherein

the estimation section estimates the DC power source
current while taking into account the duty ratio.
8. ADC/DC converter control system as defined in claim
1, wherein

an output from the DC/DC converter is employed for
driving a motor via an inverter; and

output power of the DC/DC converter is estimated based

on control information of the inverter.

9. A DC/DC converter control system for controlling a
DC/DC converter which receives input of a power source
voltage from a DC power source and supplies a converted
output voltage, wherein

the DC/DC converter comprises a reactor through which
a current from the DC power source is made to flow,
and a pair of switches for switching and controlling the
current flowing in the reactor; and

the control system comprises:

a feedback control section which controls a duty ratio of
the pair of switches based on a difference between
output energy and its target value;

a feed forward section which controls the duty ratio of the
pair of switches based on a difference between the
output voltage and the power source voltage; and
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a scheduling section which corrects a feedback control
performed in the feedback control section by multiply-
ing a control value obtained in the feedback control by
a scheduling factor incorporating the output voltage,
the power source voltage, a voltage decrease in the
power source voltage, and reactance of the reactor.

10. ADC/DC converter control system as defined in claim

9, wherein

the feedback section further includes a section which
controls the duty ratio of the pair of switches based on
a difference between power of the DC power source
and its target value.
11. ADC/DC converter control system as defined in claim
9, wherein

the feedback section includes both a control value which
is proportional to the difference between the output
voltage and its target value and a control value which
is proportional to an integral value of said difference.
12. ADC/DC converter control system as defined in claim

9, wherein

inputs of DC power source current, DC power source
voltage, output current, and output voltage which are
input into the control system are subjected to a prede-
termined conversion, and the duty ratio to be output is
also subjected to a predetermined conversion, such that
the control system is configured to be linear.

13. ADC/DC converter control system as defined in claim

9, wherein

the content of control is simplified by assuming that the
output voltage is constant.
14. ADC/DC converter control system as defined in claim
9, wherein

the control system further comprises an estimation section

which estimates DC power source current based on DC

power source voltage, output current, and output volt-

age, and employs an estimated value of DC power

source current obtained by means of the estimation
section.

15. ADC/DC converter control system as defined in claim
14, wherein

the estimation section estimates the DC power source
current while taking into account the duty ratio.
16. ADC/DC converter control system as defined in claim
9, wherein

an output from the DC/DC converter is employed for
driving a motor via an inverter; and

output power of the DC/DC converter is estimated based
on control information of the inverter.



