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Abstract—This paper presents a review and a comparative
analysis between mathematical models for the efficiency of power
converters. Two different types of models are considered, being
one for converters subject solely for output power variations,
and a second one also considering input voltage variations. Both
cases are particularly important for systems fed by renewable
sources as photovoltaic panels or wind turbines. Knowledge of
the appropriate models is of interest in the development of
high-performance systems, allowing one to optimize the global
efficiency of the converter system. Experimental results concludes
the comparison between the investigated models and a discussion
of pros and cons of each model are presented, providing to
authors a better choice for modeling the efficiency behavior of
power converters.

I. I NTRODUCTION
It is known that the efficiency of a system is defined by
the ratio between the power delivered to the loads (output
power pout ), and the power absorbed from the source (input
power pin ). The losses in the conversion process are manifested
in several ways, either by switching or conduction of the
semiconductors, ancillary systems such as drive, protection or
signaling circuits, among others [1], [2].
The total losses composition of a converter varies, besides
its technological and constructive characteristics, in function
of its operating points. For low power levels, losses in the
driving circuits of the switches may be more significant and
also approximately constant. As power level increases, losses
related to switching and conduction of semiconductors, and to
magnetic devices, starts to become more significant.
Development of mathematical models is a task that
commonly faces the need of a balance between complexity
and precision. For most physical systems, higher the required
accuracy, greater the complexity of its mathematical model.
The “incompatibility principle” states that with increasing
complexity, our capacity to do accurate descriptions of
a system behavior decrease until a threshold beyond
which simplicity and accuracy become mutually exclusive
features [3]. Thus, it can be said that a good mathematical
model is the one that allows sufficient simplicity without
excessively sacrificing accuracy. For the task of modeling
the efficiency of power converters as a function of the
input voltage or the power processed one may use different

approaches. In this paper the modeling will be evaluated by
means of a set of samples which may be obtained either
experimentally or algebraic, from an in-depth analysis of the
power conversion losses.
For optimized and high performance systems, knowledge of
an appropriate efficiency model for power converters is one of
the first steps to apply the optimization methodologies. In [4]
the efficiency curve is employed to identify better regions
of operation for systems of parallel converters such that the
overall efficiency of the system is improved. Also, in [5]
mathematical models for efficiency of power converters are
employed in an algorithm to obtain the optimal power sharing
so that systems of parallel converters are able to operate with
maximum efficiency throughout its entire load range. Both
cases employ the converter efficiency models as a key tool for
improving the performance of energy conversion systems.
The aim of this paper is to review, evaluate and compare
different approaches for modeling of power converters
efficiency. Initially, the analysis of models that consider only
variations in the processed output power is presented, the most
common case and which is called here as unidimensional
models. In the sequence, the analysis is extended for models
that consider variations in two dimensions. More specifically,
both input voltage and processed power variations are taken
into account. This is frequently a recurring situation in
systems powered by photovoltaic modules, and called here
as bidimensional models. After, the investigated models are
compared by means of experimental results obtained with
a prototype of a boost converter with a rated output power
of 250 W and an output voltage of 325 V.
II. U NIDIMENSIONAL M ODELS
A common steady-state analysis of converters involves
tracing of an efficiency curve as a function of the processed
power, going from a minimum value to the rated power of
the converter. Thus, efficiency or losses can be evaluated for
different operating points.
In this sense, it is verified that the most relevant variable
for the efficiency modeling of power converters is the
processed power, and it is known that in function of the
different operating points the efficiency can suffer considerable

variations. Depending on the application characteristics in
which this converter is inserted, power may be the unique
parameter that suffers variations. So, the first efficiency models
investigated in this paper are for these unidimensional cases.
One of the simplest approaches is presented by Keating
et al. [6], which proposes a linear interpolation between
efficiency samples. These samples can be obtained both
experimentally and by algebraic methods, modeling and
analyzing theoretic losses for each part of the converter. The
interpolation proposed by authors is defined by
η(p) = ηlow +

(p − plow )(ηupp − ηlow )
(pupp − plow )

(1)

being p the power for which the efficiency will be evaluated,
plow and pupp the power for lower and upper samples, as
well as ηlow and ηupp the efficiency values for the lower and
upper points, respectively. However, this approach requires the
availability of a table of efficiency samples and its precision
may be seriously compromised if the efficiency curve is
inappropriate sampled.
If the goal of efficiency modeling is to obtain a single
mathematical expression that depends solely of numerical
coefficients that may be obtained by curve fitting, a negative
point of this previous approach is the discontinuities on
derivatives and the need to store all samples in a table.
Those features make it difficult, or even impossible, to apply
interpolation models in many numerical analysis methods.
Driesse et al. [7] presents a continuous and simple model,
where the efficiency of power converters is approximated by
the second order function
η(p) = α0 + α1 p + α2 p2

(2)

being α0 , α1 and α2 coefficients to be obtained by curve
fitting. Although presenting good correlation of the fitted
curve for upper half and around the rated power, one may
observe serious limitations to represent the lower part of the
efficiency curve. This behavior may be unacceptable for some
applications.
Such problems do not occur in the model proposed by
Jantsch et al. [8], where the authors approximate the efficiency
curve by means of the function
p
(3)
η(p) =
p + (k0 + k1 p + k2 p2 )
being k0 , k1 and k2 the coefficients to be fitted. Comparing to
the previous, this model has the same number of coefficients,
but naturally ensures zero efficiency at the origin of power
axis. This feature significantly improves the correlation
between samples and the fitted curve.
Another model is proposed by Dupont et al. [5], in which
the efficiency curve is treated as the rational function
α1 p + α0
η(p) = 2
(4)
p + β1 p + β0
being α1 , α0 , β1 , and β0 the coefficients to be adjusted.
Although with more coefficients, this model features good
fitting capabilities throughout the entire power range, however

may show some representation problems for efficiency near
the origin. This problems is due to the self characteristic of
the equation, but can be bypassed with the addition of a zero
efficiency sample. This sample can represent, for example,
the minimum working power of the converter, below it the
converter is turned off.
III. B IDIMENSIONAL M ODELS
Many applications, especially for systems fed by renewable
sources, it is not the power processed that only suffers
variations. In these cases the input voltage may present values
between a range that cannot not be neglected, and directly
interfere the efficiency of converters. For those applications the
unidimensional models are not sufficient, and bidimensional
ones are necessary.
For such applications Chivelet et al. [9] proposes a model
where the efficiency is determined by an equivalent electrical
circuit. A series resistance Rs and a parallel resistance Rp are
included between source and load to represent ohmic losses
and self consumption of the converter, respectively. This model
is described by
η(p, vin ) =

2pRs
2
vin

1
s
1−

Rs
1−4 2
vin



v2
p + out
Rp

(5)

where Rs and Rp are the coefficients to be obtained by a
surface fitting algorithm.
Another approach is presented by Rampinelli et al. [10],
that modifies coefficients k0 , k1 and k2 of (3), making
them functions of the input voltage. The proposed model is
defined by
η(p, vin ) =

p
p + (k0 (vin ) + k1 (vin )p + k2 (vin )p2 )

(6)

being k0 (vin ), k1 (vin ) and k2 (vin ) functions that describes
the behavior k0 , k1 e k2 for input voltage variations.
However, these functions are not specified. Assuming a linear
dependency of efficiency with the input voltage, one may
represent this behavior defining the functions
k00 (vin ) , k0,0 + k0,1 vin

(7)

k10 (vin )
k20 (vin )

, k1,0 + k1,1 vin

(8)

, k2,0 + k2,1 vin

(9)

being k0,0 , k0,1 , k1,0 , k1,1 , k2,0 and k2,1 the coefficients to be
determined by a numeric algorithm for surface fitting. Thus,
the efficiency of the converters may be modeled by the surface
η(p, vin ) =

p
p+

(k00 (vin )

+

k10 (vin )p

+ k20 (vin )p2 )

(10)

named hereinafter as linear bidimensional model, due to the
model dependency with the input voltage.
For converters in which input voltage cannot be linearly
represented, one can opt by a model whose coefficients varies

in a quadratic way both with the input voltage and with output
power. For this, the following functions are defined
2
k000 (vin ) , k0,0 + k0,1 vin + k0,2 vin

(11)

k100 (vin )
k200 (vin )

(12)

, k1,0 + k1,1 vin +
, k2,0 + k2,1 vin +

2
k1,2 vin
2
k2,2 vin

(13)

to apply at (6) and results in the double quadratic
bidimensional model in which k0,0...2 , k1,0...2 and k2,0...2 are
the coefficients to be determined. The adjusted surface is then
modeled by
p
(14)
η(p, vin ) =
00
00
p + (k0 (vin ) + k1 (vin )p + k200 (vin )p2 )
It is worth to notice that although this model allows to
improve the approximation of experimental samples to the
fitted surface, there is a high number of coefficients to be
determined. As a consequence, a larger number of samples
should be passed to the fitting algorithm.
Finally, Driesse et al. [7] proposes an improved model,
as named by authors, in which the quadratic term, that
do not have a physical meaning, is substituted by the
inverse of input voltage to represent the existence of multiple
dependencies with this variable. The model proposed by
authors is defined by
p
(15)
η(p, vin ) =
p + b0 (vin ) + b1 (vin )p + b2 (vin )p2
where the functions b0 (vin ), b1 (vin ) and b2 (vin ) are


1
b0 (vin ) = b0,0 + b0,1 (vin − 1) + b0,2
−1
vin


1
−1
b2 (vin ) = b2,0 + b1,1 (vin − 1) + b1,2
vin


1
b2 (vin ) = b3,0 + b2,1 (vin − 1) + b2,2
−1
vin

Figure 1. Prototype of the boost converter employed for the experimental
analysis of the efficiency models.
Table I
M AIN SPECIFICATIONS OF THE PROTOTYPE .
Parameter

(16)
(17)
(18)

being b0,0...2 , b1,0...2 , b2,0...2 the coefficients to be fitted.
IV. E XPERIMENTAL R ESULTS
Aiming to evaluate the efficiency models for curves of
surfaces investigated in this paper, a comparative analysis is
presented in this section. For this, experimental tests have been
conducted to obtain a set of experimental efficiency samples
for a 10 kHz boost converter with a rated output voltage
of 325 V at 250 W. The prototype is depicted by Figure 1,
and a full table of specifications is given by Table I.
Efficiency samples has been acquired with a
Yokogawa WT1600 power analyzer after the converter
reaches a thermal steady state. Input voltage has been varied
in the range of 110 V to 250 V, with a 20 V step. On the other
hand, the load analyzed was of 30 W, 50 W, 70 W, 102 W,
146 W, 222 W, 232 W, and 282 W, which corresponds
to 12 %, 20 %, 28 %, 41 %, 59 %, 89 %, 93 %, and 113 % of
the converter rated power, respectively. Thus, a total of 64
efficiency samples has been acquired.

Value

Input voltage
Rated input voltage
Rated output voltage
Rated duty cycle
Duty cycle range
Inductor
Output capacitance
Switching frequency
Rated output power
Power module

110 V to 250 V
Vin,nom = 190 V
Vout,nom = 325 V
Dnom = 0.415
0.23 ≤ D ≤ 0.66
L = 6 mH
C = 680 µF
Fs = 10 kHz
Pconv,nom = 250 W
Mitsubishi PM15CZF120

Table II
E XPERIMENTAL EFFICIENCY SAMPLES FOR THE ANALYZED PROTOTYPE .
Output power (%)
Vin

12

20

28

41

59

89

93

113

110
130
150
170
190
210
230
250

72.72
74.35
76.76
79.11
81.77
84.16
87.84
90.24

79.22
79.93
81.47
83.03
85.09
87.35
89.83
93.11

83.39
83.28
84.09
85.36
86.87
88.57
90.29
91.41

87.59
87.51
87.64
88.08
89.14
90.37
91.94
93.77

90.47
90.55
90.79
91.21
91.85
92.78
93.93
95.42

92.67
92.92
93.20
93.59
94.06
94.81
95.68
96.68

92.84
93.12
93.39
93.80
94.31
94.97
95.83
96.83

93.55
93.87
91.18
94.56
95.03
95.62
96.33
97.21

Tests have been conducted in an increasing order for power,
and on a decreasing order for input voltage. For each load
configuration an input voltage sweep has been carried out. In
other words, for each load value, the efficiency was sampled
for all input voltage values. In this way the thermal equilibrium
has been achieved more quickly. Obtained results are presented
by Table II.
The numerical adjust for the samples to the curves or
surfaces of the efficiency models has been carried out with
the aid of a computational tool employing the numerical
algorithm of Levenberg-Marquardt [11]. Following sections
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Figure 2. Comparison between fitted curves of the unidimensional models
for the efficiency samples of the boost converter from Table I.

present a comparative analysis between the unidimensional
and bidimensional models investigated in this paper.

A. Comparison of Unidimensional Models
To compare the unidimensional models, all the efficiency
samples that comprises the entire load range of the nominal
input voltage has been considered. Applying the curve fitting
algorithm to the model of Driesse et al. (2), the obtained
coefficients are

−3

α0 = 802.1620 × 10
(19)
α1 = 268.4868 × 10−3


−3
α2 = −123.9831 × 10
while the coefficients obtained after fitting the model of
Jantsch et al. (3) to the experimental efficiency samples are

−3

k0 = 14.8371 × 10
(20)
k1 = 111.7171 × 10−3


−3
k2 = −69.4710 × 10
Finally, the curve fitting for the model of Dupont et al. (4) has
resulted in the coefficients

α0 = 48.8087



α = 188.9739
1
(21)

β
0 = 65.0315



β1 = 185.3915
A comparison between fitted curves is depicted by Figure 2,
which also shows the sample values that have been employed
by the fitting process. From these results, one can verify that
the root-mean-square error (RMSe ) between samples and the
fitted curve for the model of Driesse et al. is 3.904 × 10−3 ,
while for the model of Jantsch et al. is 4.827 × 10−3 . Finally,
the RMSe for the model of Dupont et al. is 2.409 × 10−3 .

Two aspects must be highlighted from the analysis of
the results. First, with regard the smallest error between
samples and fitted curves, one can verify that the model of
Dupont et al. is the one that features the smallest value of
RMSe , aided by a greater number of coefficients. Besides this,
the model of Jantsch et al. also features good correlation to the
samples, as observed in the curves of Figure 2. Both models
have good representation for most curves, being the model of
Jantsch et al. the one with easier convergence once it naturally
crosses by zero and has one coefficient less. On the other
hand, results obtained with the model of Dupont et al. may
be improved if a zero efficiency sample is added to the set.
This can be the case, for example, to consider the inclusion of
a minimal power level, which below this value the converter
is turned off. This kind of situation cannot be adequately
represented by the model of Jantsch et al.
Among the analyzed models, the model of Driesse et al.
is the one that features the poorest results, mainly for low
power. In the case of this model, if a zero efficiency is
added, the fitting curve algorithm has problems to converge
below an acceptable error, once the model itself is unable
to represent a zero efficiency if α0 6= 0. Thus, the model
of Driesse et al. is recommended to only represent converters
whose main application deals with loads with low variations
and near the rated power. It is not interesting, for example,
to model the efficiency of converters applied to renewable
sources, which often operate at low power and have significant
power variations.

B. Comparison of Bidimensional Models
To compare the bidimensional models investigated in this
paper the whole set of experimental efficiency samples
presented by Table II has been considered. Adjusting these
samples to the model of Chivelet et al., defined by (5) the
following coefficients have been obtained
(

Rs = 1.0025 × 10−3
Rp = 19.9771 × 103

(22)

Adjusting the surface described by the linear bidimensional
model, defined by (6), to the efficiency samples results in the
coefficients


k0,0



k0,1



k
1,0

k1,1





k
2,0



k2,1

= 63.4175 × 10−3
= −46.3601 × 10−3
= 76.7418 × 10−3
= 14.1165 × 10−3
= −30.5100 × 10−3
= −23.0776 × 10−3

(23)

while the coefficients obtained for the double quadratic
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Figure 3. Experimental samples and fitted efficiency surfaces for the
investigated bidimensional models.
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Finally, the efficiency surface fitting for the improved model
of Driesse et al. (15) has resulted in the coefficients

−3

b0,0 = 13.2619 × 10


−3

b0,1 = 3.7718 × 10



b0,2 = 40.0147 × 10−3



−3


b1,0 = 124.3920 × 10
(25)
b1,1 = −428.5556 × 10−3


−3

b1,2 = −351.3761 × 10




b2,0 = −85.3099 × 10−3





b2,1 = 343.4734 × 10−3



b2,2 = 292.4794 × 10−3

Efficiency (%)

bidimensional model, defined (14), are

−3

k0,0 = 112.9645 × 10



k0,1 = −159.9778 × 10−3



k0,2 = 60.2896 × 10−3



−3


k1,0 = −360.6354 × 10
k1,1 = 1.0194
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Figure 4. Comparative detail between samples and the fitted surface on
efficiency models for the input voltages of 110 V (vmin ), 190 V (vnom )
and 250 V (vmax ) (a) Chivelet et al.; (b) linear bidimensional; (c) double
quadratic; (d) Driesse et al..

Figure 3 depicts the comparison between experimental
samples and the fitted surfaces by the bidimensional models
presented. A different point of view is also shown by Figure 4,
which compares the samples with the efficiency curves for
the minimum (vmin ), nominal (vnom ), and maximum (vmax )
input voltages. From the obtained results, one can determine
that for the model of Chivelet et al. the value of RMSe

is 57.1668 × 10−3 . For the linear bidimensional model the
RMSe is 8.3286 × 10−3 , while the RMSe for the double
quadratic model is 5.1435 × 10−3 . Finally, the fitting by the
improved model of Driesse et al. for the efficiency samples
resulted in a RMSe of 5.0930 × 10−3 .
From the experimental samples and the presented analysis
one can verify that the equivalent circuit model of
Chivelet et al. presents the highest approximation error. On the
other hand, the other three models provide a good correlation
between efficiency samples and the fitted surface. Although
if the efficiency surface feature a non-linear behavior,
the linear bidimensional model may result in unacceptable
approximation errors, while the double quadratic and the
improved models may still provide good correlation. This
improvement in precision has the cost of additional samples
to fit the additional coefficients, and an small increase
in computational time. But those cons are negligible in
comparison with the major accuracy improvement.
V. C ONCLUSION
This paper presented a review and a comparative
analysis between different mathematical models for efficiency
modeling of power converters. Main advantages and
disadvantages of each model, as well as the error between
samples and the fitted efficiency curve, or surface, has been
pointed out based on a series of experimental results. For
unidimensional cases the results pointed that both models
of Jantsch et al. and Dupont et al. have good correlation
between efficiency samples and the fitted curve. The former
naturally crosses by zero for no power, while the second one
is able to consider a specific power level where below it
the converter turns itself off. For bidimensional cases, one
could verify that the models with better correlation with
the experimental samples are the double quadratic and the
model of Driesse et al. In this case, both models are able
to fit surfaces with nonlinear dependencies with the input
voltage. Finally, it is worth to mention that even causing
major impact over the converter efficiency, power and the
input voltage are not the only variables associated with losses.
The converter operating temperature also produces variations
on the efficiency, adding a third variable to the problem

and increasing the complexity of the model. In this sense,
extensions of the presented analysis for tridimensional models
are under investigation.
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