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Abstract—Online knowledge of dc—dc converters behavior is al-
ways of great interest. Based on a reliable model of the converters,
some great improvement can be achieved. First, the control of the
converters can be designed more precisely, especially while think-
ing in nonlinear theories model-based controls, and it can help
to improve the energy management and the efficiency. Also, the
knowledge of the converters gives some really useful indications
about their state of health and, then, represents a good diagnosis
tool and fault detection possibility. This paper proposes a modeling
of the converters and a new state observer dedicated to an online es-
timation of the model parameters. The proposed average models in-
clude parameter modeling the losses and their estimation. They are
validated on two different converters: the classical de-dc boost con-
verter and the current-fed dual-bridge dc-dc converter (CFDB—
also called isolated boost). It is shown that the model of this last
converter is strongly nonlinear, which impacts on the estimation.
Simulations and experimental validation are given both on the
boost and the isolated boost, and comparisons with the Luenberger
state observer and extended Kalman filter are given to underline
the interest of the proposed parameter estimation in terms of con-
vergence for nonlinear systems and convergence rapidity.

Index Terms—Current-fed dual-bridge (CFDB) dc—dc con-
verter, de—dc boost converter, online parameter estimation, state
observer.

I. INTRODUCTION

C-DC converters are widely used among power electron-
D ics applications any time dc electrical power requires to be
converted from a given level to another [1]. Online knowledge of
their behavior is always of great interest [2]. Based on a reliable
dynamic model of the converters, some great improvements can
be achieved.

1) The control of the converters can be designed more pre-
cisely. For examples, model-based control techniques are
proposed in [3]-[5] with applications on dc—dc convert-
ers. Other control methods require the knowledge of the
converter model, especially nonlinear theory model-based
control techniques such as flatness-based controls as used
in [6].

2) It can be used to improve the energy management as done
in [7], where a model-based current sharing for the parallel
structure is proposed for efficiency improvement.
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3) It gives some really useful indications about their state
of health and, then, represents a good diagnosis tool and
fault detection possibility as proposed in [8].

DC-DC converters modeling has been largely tackled along
the literature but is still under study as for recent example in [9].
Many improvements on the converters modeling can be found.
Among them, in [10] it is proposed to calculate losses are pre-
dicted from analytic model. Also, in [11], some algebraic param-
eter estimation for improving the control of a boost converter
is proposed. Other parameter estimation method is proposed in
[12], with sampling frequency equal to twice the switching fre-
quency, and estimated parameters are used to improve converter
control in [13]. In this paper, the proposed modeling and esti-
mation have been designed for a sampling frequency equal to
the switching frequency, and then, only the average values of
the state variables can be measured. Then, the average model
of the converter is considered. In this way, particular attention
has been given to the model and estimation method proposed in
[14] on the case of a boost converter.

This paper proposes a modeling of the converters and a state
observer dedicated to an online estimation of the model pa-
rameters. State observers can be used for fault detection as for
example in [8]. State observers also have been applied to pa-
rameter estimation on dc—dc converters. For example, in [15],
Al-Hosani and Utkin introduced a sliding mode observer to es-
timate the output capacitor and the equivalent resistive load on
a dc—dc buck converter. Kalman filter method is another widely
used solution in industrial applications [16], which can either
be used for parameter estimation or fault diagnosis. In [17],
Izadian and Khayyer use a Kalman filter for fault diagnosis on
a dc—dc boost converter based on a time-averaging model, by
comparing the system with multiple models representing fault
signatures. In this paper, to underline the interest of the proposed
state observer dedicated to parameter estimation, comparisons
with Luenberger state observer and an extended Kalman filter
(EKF) are provided.

Simulations and experimental validation are given both on the
classical dc—dc boost converter and the current-fed dual-bridge
(CFDB) dc—dc converter also called isolated boost converter.
Still, the proposed modeling approach and estimation can be
easily adapted to other dc—dc conversion structures, such as
buck, buck—boost, etc.

Before a conclusion summarizing the main contributions of
this proposal, this paper is organized as follows. First, Section II
presents the average dynamical model applied on a boost con-
verter and an isolated boost converter. Then, Section I1I gives the
definition of the proposed state observer, with demonstration on
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its convergence. Finally, Sections IV and V give simulations and
experimental validation, respectively, on the boost converter and
the isolated boost converter with comparisons with Luenberger
state observer and EKF.

II. DC-DC CONVERTERS MODELING
A. Boost Converter

Based on the ideal model, some modifications are proposed
to include internal losses of the converter in the model. It is
proposed to model average values of the state variable of the
boost converter as (1a) and (1b) in which average value of the
variable z is notated as . Equivalent circuit of the proposed
model is represented as in Fig. 1

di _

L— =V, —1-ad)V, = 1
il el S ) el (la)
d‘_/; - .

C, el (1=d)i—i, —". (1b)

Parameters 7y, (V') and 7;(A) counterbalance the errors with
the ideal model of the boost converter. Then, those parameters
directly traduce the internal losses of the converter. Principal
losses which are taken into account are inductance series re-
sistance, core hysteresis and eddy current losses, conduction
ohmic losses, and switching losses of semiconductors. Every
other losses through the converter are also taken into account.
The equivalent losses parameters v, and 7; vary with respect to
the functioning point. Fig. 2 shows their evolution with respect
to the power in the case of a 48—-100 V boost converter. Results
presented in this figure have been obtained experimentally with
the estimation method detailed in Section III. Finally, an online
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Fig. 3. Isolated boost converter with the clamping circuit.

dynamic-efficient estimation of those parameters is of real in-
terest in order to have the most precise model as possible.

B. Isolated Boost Converter

As the used reduced-order average model of the isolated boost
converter is less common, some details on its obtaining and
validation are given. Still, leading ideas can be found in [18],
and a detailed validation of this model is given in [2].

The isolated boost converter requires some additional circuit
for starting as underlined in [19] and [20]. In this paper, the
converter is supposed to operate in boost mode, then verifying

‘70 Z Nt‘/in- (2)

The dead-time effect as studied in [21] is neglected. Also, it
is supposed that the magnetization inductance is enough impor-
tant to neglect the magnetization current. On the other hand, the
influence of the leakage of the transformer is taken into account.
Because of the leakage of the transformer, an additional clamp-
ing circuit must be considered to reduce overvoltage across the
switches [20], [22]. The isolated boost with the clamping circuit
considered in this paper is represented in Fig. 3 with associ-
ated notations. As for the boost converter, a voltage source and
current source v, (V') and 7;(A) are added in the equations to
model the losses of the converter.

To determine an average dynamical model of the isolated
boost converter, ideal waveform of the transformer current is
considered as represented in Fig. 4, and an energetic analysis is
realized. In Fig. 4, it can indeed be viewed that current i;), is dis-
continuous since magnetization of the transformer is neglected.

First, the transformer primary current maximum value can be
calculated through (3) since its slope is known on sequence 52
whose duration is known

. 1 /- V. T
Lip, .. = E (VC — N;) (1—2d) 3 3)

Then, the duration of the sequence S0 can also been calculated
through (4). For this, attention focuses on the sequence between
T'/2 and T/2 + ST, where the transformer primary current i,
decreases from 4, to 0 with a constant slope

_ Ar itpma\-
b=T"0 @
Nt
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Fig. 4. Waveform of the transformer primary current 7.

Also, the derivatives of the average values of the voltages Vo
and V,, can be expressed as follows:

dv, ; i
g =(1-2 — (1 — 2d) —ax
dv, : ,

Cogr = o T g tpwn 1 =2 +28). (6)

Finally, losses parameters v, and +; are introduced in the
modeling, and a reduce-order dynamic model is proposed fol-
lowing (7a)—(7c)

L v (o) Ve — (7a)
dt
dVC = 2 T [/ ‘7;)
Co e = (- 2)i- (1= 27 (Ve - 5) - )
v, s T (W,
=(1—-2d)? (Vo -
Comgp = (1 =207 5 (VC NT)
M ERN G 1 (7¢)
Nr V, o ‘

The validity of the proposed reduce-order average dynamic
model has been verified through simulation. Fig. 5 attests the
validity of the proposed reduce-order average dynamic model.
Indeed, it can be seen in this figure that this model does effi-
ciently model the average value of the state variables. For this
simulation, the isolated boost converter is in open loop, and a
step on the duty cycle is applied at time ¢ = 0.1 s. The converter
is connected to a resistive load Ry,,.q = 80 €.

III. STATE OBSERVER FOR PARAMETER ESTIMATION

In this section, a new state observer is proposed. This state ob-
server, is dedicated to a specific subclass of nonlinear systems. It
will be demonstrated that for observable systems, estimated vari-
ables converge exponentially to actual ones with the proposed
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of duty cycle in open loop.

state observer. The proposed state observer inspires from the
subclass of state observers designated through the literature
as “disturbance observers” as studied for example in [23] and
[24]. Disturbance observers are indeed very well adapted to
the considered problematic consisting in losses estimation. In-
deed, especially on the case of the boost converter, if consider-
ing disturb = (71 77)7, the disturbance observers are well
adapted. Furthermore, losses can be interpreted as disturbance
compared to ideal. Still, the main difference with the distur-
bance observer comes from the fact that with the proposed state
observer, it is possible to estimate parameters, which are linked
to the state variables of the model (i.e., with g(x, u) defined in
(8) different from identity).

A. Considered System

The proposed state observer is dedicated to the subclass of
nonlinear systems which can be described as follows:

X = (-T) _ (f(x,u)—l—g(x,u)-p)
D 0 (8)

Y ==x

where:

1) X eR""™ is the vector of variable which is going to be
estimated, and Y e " is the vector of measured variables;

2) ze R" is the vector of the system state variables. Every
state variable is supposed to be measured (i.e., Y = x);

3) pe R™ is the vector of the unknown parameters to esti-
mate. Parameters p are supposed to vary slowly compared
to state variables (i.e., |p| < |Z|);

4) f and g are nonlinear functions of z and u (the command
signal vector), respectively, of size R and " *"™.

B. State Observer Definition

For the subclass of nonlinear systems verifying (8), the pro-
posed state observer is defined through (9), considering the
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estimation errors €, = (& — z) and e, = (p — p)
i’ - f(SC,’UJ)+g(I,U)'f)*S~€m
p) \K, é,+Ki-e,—g"(z,u) e,
with:

1) S positive-definite matrix of size " *";
2) P positive-definite matrix of size " <™
and

) 9)

(10a)

(10b)

K, g(z,u)=—-P
K =K,-S.

For the calculation of parameters K, and K; as defined through
(10a) and (10b), the inverse of matrix g(z, ) is required. In the
case g(x, u) is square (i.e., n = m) and nonsingular, the inverse
can be used. More generally (if g is singular or rectangular),
parameter [, is calculated by considering a pseudoinverse of
g(x, u). The theory on pseudoinverse can be found in [25]. It can
be noticed that the result of the pseudoinverse is generally not
unique, any of the solutions being suitable for the calculation
of parameter K. This degree of freedom can be used to make
easy the calculation of the algorithm.

The proposed state observer has been designed in order to ob-
tain a system for which the exponential stability can be proven.
Especially, for the part of the system corresponding to the esti-
mation of the parameters p—bottom of (9)—the terms K, - €,
and K; - e, have been added in order to verify the exponen-
tial stability. Indeed without those terms (i.e., only consider-
ing p = —g” (z,u) - £,), only the asymptotic stability can be
demonstrated.

C. Stability of the Estimation

For demonstrating the convergence of the estimation through
the state observer, the derivative estimation errors ¢, and ¢, are
written, respectively, as follows:

€x =g(x,u) g, — Sy (11)
ey =K, -g(z,u) -y —K,-S-e,+ K, ¢, — 9T (z,u) - &,.
(12)

Exponential stability of the estimation can be demonstrated
with the classical Lyapunov approach. For this the Lyapunov
candidate function, V is considered as follows:

1 €ZL‘
V=c-(cx &) > 0. (13)
2 €p
The derivative of function V' can be expressed as
V=el & +el & (14)

By combining (11), (12), and (14), V can be expressed as
_ qu .S e,

t+e) K, glzu)g,—e) K, 5-g

V= sf cg(x,u) - g

te) Kie,—c) g (wu)- e, (15)
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Then, by introducing K), - g(z,u) = —P and K; = K, - S,

it results
. -5 0 &y
vea (9 5)(5)

From (13) and (16), the estimation exponentially stability can
be ensured long as S and P are positive-definite matrix.

Finally, the tuning of the S and P matrices is based on the
assumption that the dynamics of the state vector error €, have
to be highly faster than the dynamics of the parameter vector
error €,. This choice involves a design of the matrix .S' with
eigenvalues real parts highly greater than those of P. To improve
the convergence of the state vector error to zero (and in the case
of the isolated boost converter, to take into account the effect of
the clamp voltage on the current dynamic), coupling terms can
be added.

(16)

IV. VALIDATION ON THE BOOST CONVERTER

This section gives the validation of the proposed estima-
tion method. The proposed state observer is compared with a
Luenberger state observer and an EKF. To obtain a valuable
comparison, parameters of each estimation method have been
tuned experimentally to obtain the better performances.

A. Parameter Observability

Before presenting parameters 7, and ; estimation, their ob-
servability must be verified, since it is proposed to estimate them
through state observers. For this purpose, the considered state
vector X follows:

X=0 V, % w)". (17)

Measured vector Y is as

y=(i 7,)"

(18)

The observability of such a system can be proved considering
the observability vector ©
X
Xo

Y 1
°=ly) = 7 Vi = X5 = (1 —u) X3] (19)

1
— (1 —u)X; —i— X
Co [( U) 1 ? 4]

In the considered case, (20) is verified if X; = ¢ ## 0. Then,
the system is observable if the input power is different from 0
(not problematic since estimated parameters would not be used
for null power)

rank (Jacob(0)) = dim(X) = 4. (20)

B. Proposed State Observer Application

For developing the proposed state observer, the system is
written in the form presented in Section III. Functions f(x, u)
and g(x,u) follow (21) and (22). It is verified that g(x, u) is
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invertible
1 _
E [Vgn (1 - d) o]
flz,u) = . ) 20
a} [(1—d)i—i,]
IR
L
g(x,u) = 1 (22)
LA

To compete the proposed state observer, matrices S and P
have to be determined. They are chosen as

10000 0 500 0
S‘( 0 10000)’ P‘(o 500)' @3)

C. Luenberger State Observer

As a comparison with the proposed state observer, a
Luenberger state observer is designed. As it a state observer
dedicated to linear systems, it is necessary to linearize the con-
sidered system around one operating point following (24). Vari-
able w is in this case the command duty cycle d

X=A-X+B-u
(24
Y =X.
The Luenberger state observer is then defined as (25)
X= AR+ Bu—G(Y —Y)
X = AX + Bu—GC(X — X). (25)

The estimation will converge if the error X = X — X tendsto
0. This will be realized if the matrix (A — GC) is stable, i.e., with
eigenvalues with negative real part. In view of estimated values,
we decide to impose two different convergence dynamics: a fast
one for measured values (7 and V), and a slower one for nonideal
behavior parameters (v, and ;). This is realized by choosing
value of the gain matrix G so that (A — GC') eigenvalues ap-
proach (—10* —10* —60 —60)". Those values have
been tuned experimentally to obtain the better performances
as possible. For the operating point: i’ =5 A, Vi, =48V,
VY =100V, L = 0.6 mH, C, = 1 mF, and d’ = 0.52, the ma-
trix G allowing the proposed eigenvalues as follows:

0.9727 0 0 —0.08

a4 | 0.048 0.048 0.048  1.006
G =10 0 0 —0.036 0 (26)

0 0 0 —0.06

For this estimation, even if the system has been linearized
around one operating point, it has been experimentally verified
that the estimation was converging in the power range 0—1 kW
with no change of the value of the matrix G.
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D. Extended Kalman Filter

To develop the EKEF, the system model is written as

Ter1 = f(xg, ug
k1 = flan, ur) o7
yr = h(zy,ur).
The EKF system is given by
Tpa1 = Terr/n — K1 (M(@rpryn, we1) — Ype1)  (28)

where
Tryr/e = (@, ur)
Piy1 = (In - Kk+1Ck+1) Pk:+1/k
Preiyr = AP Aj + Qy
Kii1 = Pes1/kChiy (Cos1 Poy1ykChyy + Ri) ™
The derivative matrix A; and Cj | are calculated following:

9 ...
Ay :%f(xkauk)

Cr1 = %h(‘%k+l//ﬁuk+l)'

The only things needed for completing the Kalman filter re-
alization are its initial covariance matrix (/) and its weighting
matrices () and R). Using a trial-and-error procedure, those
parameters are set as

P, = diag (10*,10%, 60, 1000)
Q = diag (10*, 10", 60, 1000)
R =diag(1,1).

(29)

E. Simulation

Simulation has been realized to confirm the validity of the de-
veloped state observers and validate the interest of the proposed
state observer. For this simulation, input voltage is Vi, =48 V,
output voltage is regulated to 100 V and is connected to a re-
sistive load Rp,aq = 50 €. For the simulation, cosimulation
between a circuit-typed software and Simulink is used. It allows
us to simulate the converter including detailed losses calcula-
tion in each components, while the control and estimation are
realized under Simulink. Fig. 6 shows results from the different
state observers. In this simulation, estimation is enabled at time
t=0.1s.
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In Fig. 6, the estimation is verified to converge to the desired
values for each state observers. The fact that the estimated pa-
rameters converge to the simulated ones is important, since it
will not be possible to verify it in the experiment as long as the
estimated parameters corresponding to the losses are not phys-
ical elements and cannot be determined with another method,
and then only the estimated efficiency can be compared with
the measured one. Also, it can be observed that the Luenberger
state observer is slower to converge, especially for parameter
v,. The EFK and the proposed state observer converges in less
than 50 ms with the chosen parameters, which have been exper-
imentally adjusted to give a response as fast as possible.

The behavior of the estimated values has also been tested
during transients. Fig. 7 shows the response of the estimated
values for a load step at time ¢ = 0.3 s from Ryaq t0 2R 0ad-
Fig. 8 shows response of the estimated values for a step on
the regulated output voltage V' from 100 to 120 V at time
t=03s.

In Figs. 7 and 8, it is verified that during transients, the es-
timated values change as expected, with convergence in a rea-
sonable time.

F. Experiment

The behavior of the estimation has been experimented for
validation. The dynamics of the three estimators have been ex-
perimentally tuned to obtain the good performances, in practice
resulting in the previous mentioned parameters. First, it has
been observed that even in practice where there is noise on
measurement, the EKF does not give better results than the
proposed state observer. Furthermore, estimation through EKF
requires much more calculation capacity compared with the two
other state observer. It explains well since the EKF has to invert

3361
4 0.12
R
3t/
/ V) 0.08
2/
0.04
1if —  Luenberger
(}-r —— Proposed observer 0
0 0.04 0.08 012 0 004 _ 008 0.12
t(s) t(s)
Fig. 9. Experimental verification of the estimation convergence.
]
1 (V) i (A)
4.6 o3 '
0.4
42
0.3
38 — Luenberger 0.2 Il'
| rekemama
34 —— Proposed observer 0.1
3 0
4 44 4.8 52 56 6 4 44 48 52 56 6
t(s) t(s)
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matrix at any iteration which can be quite long. Computed on a
dSpace 1103 device, overall calculation for control and estima-
tion takes around 9 us with Luenberger state observer method,
12 ps with the proposed state observer, and 29 us with EKFE.
This large difference of required calculation time with no vis-
ible improvement on the result of estimation makes reject the
EKF as a potential solution. Still, this solution can be adapted
to others application especially if the noise on measurement in-
creases (the EKF is well known to reject noise on measurement
efficiently).

Fig. 9 shows the convergence of the proposed state observer
estimation compared with Luenberger when estimation is en-
abled. As through simulations, it can be viewed in this figure
that the proposed state observer is faster than the Luenberger
state observer. Also, it has been verified that the estimated ef-
ficiency matches the measured one, so that it can be concluded
that the estimation converges to the desired values.

The behavior of the estimated values has also been tested
during transients as shown in Fig. 10 for a load step from 400 to
800 W. This result confirms the good behavior of the estimation
under transient has shown through simulation.

V. VALIDATION ON THE ISOLATED BOOST CONVERTER

For (7b) corresponding to the clamping capacitor voltage V-,
no additional parameter is added. This choice has been done
so that it will be possible to estimate the value of the leakage
inductance. This solution has been preferred since estimation
convergence is very dependent on this parameter value. Simi-
larly, the model is sensitive to errors on the transformer ratio
Nr, but this last parameter can be more precisely known from
the design of the transformer. Furthermore, the two parameters
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cannot be estimated in the same time since the observability is
not verified.
Then, it is proposed to estimate the vector X as
X=(i Ve

Vo w & ). (30)

The leakage inductance of the transformer is not directly esti-
mated, but the ratio % This choice has been done not to have
large dispersion between the value to estimate each value being
scaled between 0.1 and 500. Indeed, if directly estimating the in-
ductance value, the problem is that the matrices are numerically
ill posed (amplitudes of largely different scales). This can pose
problems in the estimation, and it is preferred to scale the values
to estimate in a reasonable interval as done in [26] (the “scaled
system” is designated as the “symmetric system’ in [26]).

A. Parameter Observability

In the considered system, measurements are Y = (E Vo
V,)"'. The Jacobian of the observability vector © = (Y V)7
It has been verified that the rank of the Jacobian matrix is
equal to the size of the estimated vector (i.e., rank(Jacob(©)) =
dim(X) = 6). Then, the considered system is observable.

B. Parameter Estimation

As done with the boost converter, a Luenberger state observer
has been designed. It results that this method is not suitable for
this estimation which was diverging in the case of the isolated
boost. This can be explained by a system to estimate which is
much more nonlinear than the boost converter, and then, the
required linearization for the Luenberger state observer design
is a too restrictive hypothesis. Also, it has been experimentally
verified that the design of a Kalman filter is really hard, since
no suitable parameters have been found to ensure the estimation
convergence.

To compete the proposed state observer, matrices S and P
have been determined as follows:

1000 1000 0
S = 1000 10000 O
0 0 300
500 0 0
P = 0 500 O (€28
0 0 500

In matrix .S, it can be underlined that a coupling term between
measurement and estimation of the first two equations is used
(no diagonal matrix). Once again, parameters have been tuned
experimentally to obtain the better performances in practice.

C. Experiment

The design of the proposed state observer dedicated to pa-
rameter estimation on the isolated boost converter has also been
tested experimentally. Fig. 11 attests the convergence of the esti-
mation. As for the boost converter, it has been verified all along
the experiment that the estimated converter efficiency converges
to the measured one, then validating the estimation results.

It can be viewed in Fig. 11 that the parameters which al-
low estimating losses converge in a reasonable amount of time
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Fig. 11.  Experimental estimation of the isolated boost parameters.

exactly as it was in the case of the boost converter. Furthermore,
the third estimated parameter AL is also converging, and it has
been verified that its value was as expected. Indeed, the leakage
inductance had previously been measured to be Ay =5 pH.
Then, under a switching frequency of 20 kHz, the estimation of
parameter % was expected to converge around 10 s/H. This is
verified since estimation converges around 10.6 s/H, i.e., with
an error of 5%.

For the parameter %, it has been verified that the estima-
tion was not depending on the functioning point with estima-
tion results staying between 10.1 and 11.2 s/H on the interval
200-1000 W. Losses parameters v, and 7; shown an evolution
similar than in the case of the boost converter (see Fig. 2 ).

VI. CONCLUSION

This paper presented a modeling for dc—dc converters and a
state observer dedicated to online estimation. The knowledge of
the converter model is very useful for designing model-based
controls, energy management schemes, or diagnosis possibili-
ties. This paper focuses on the online estimation of the model
parameters. Losses are considered in the model through a volt-
age source in series with the input of the converter and a current
source in parallel of its output. Both the classical de—dc boost
converter and the CFDB dc—dc converter have been considered
to validate the proposed modeling and estimation method. Still,
the proposed modeling approach and the estimation through the
proposed state observer can easily been adapted to other de—dc
converters. Simulations and experiments show the interest of
the proposed state observer with better performances compared
with a Luenberger state observer and an EKF especially for
strongly nonlinear systems.
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