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Abstract: This paper proposes an approach to estimate the parameters of an AC-DC boost power
factor corrector converter which includes an EMI filter. To this end, once the topology is known, the
values of the passive elements are identified from measurements at the input and output terminals
of the converter. The parameters of the converter are identified based on the trust-region nonlinear
least squares algorithm. The steady-state and the transient signals of the converter at the input/out-
put terminals are acquired non-intrusively without any internal modification of the circuitry. The
accuracy of the proposed parameter identification approach is determined by comparing the esti-
mated values with those provided by the manufacturer, and by comparing the measured signals
with those obtained with a simulation model that includes the estimated values of the parameters.
The results presented in this paper prove the accuracy of the proposed approach, which can be
extended to other power converters and filters.

Keywords: power factor correction; EMI filter; parameter identification; boost converter

1. Introduction

Power factor corrector (PFC) converters are devices designed to improve the power
quality of a distribution system by improving the power factor and reducing the total
harmonic distortion (THD) [1,2]. They are mainly used in applications involving a large
number of electronic loads, which generate harmonic currents and inject reactive power
to the electrical system [3]. In these scenarios, the use of PFC converters is necessary in
order to fulfill the requirements of international power quality standards, such as the IEEE
Std. 519 [4]. Boost PFCs are widely used in household appliances, laptop adapters, on-
board chargers, or in aircraft power supplies among others [5]. When using switching-
mode power converters such as the boost PFC, it is required to add an electromagnetic
interference (EMI) filter at the input terminals in order to attenuate the conducted EMI
disturbances generated by the electronic equipment towards the power line [6] and fulfill
the stringent requirements of EMlI-related international standards. Companies of the
aforementioned sectors, typically integrate boost PFCs and EMI filters in systems that in-
clude many other power devices and components from different manufacturers. These
companies need accurate models of the devices to perform several tasks, such as the de-
sign of controllers, the application of predictive maintenance approaches or calculation of
the energy consumption among others [7]. However, manufacturers of power devices of-
ten do not provide enough information regarding the topology or characteristics of inter-
nal components due to confidentiality reasons [8]. During the design and optimization
stages of the power electronics devices, engineers require the values or parameters of their
constitutive components in advance to generate accurate discrete models [9]. Therefore,
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it is highly appealing to develop a method to estimate these values in order to develop
models to replicate the behavior of power electronics devices with high accuracy.

At the most authors knowledge, there are no studies dealing with the topic of param-
eter identification of boost PFCs including an input EMI filter. However, the literature
includes different approaches for identifying the parameters of switched mode power
converters, such as buck, boost or buck-boost converters. In [10] and [11] the authors pro-
posed an estimation method based on obtaining state space averaging models of the con-
verters, where the converter topology was used to obtain a transfer function that was
tuned using measured data. In [7], the parameters of a buck and a boost converter were
identified by calculating the analytical equations describing the behavior of the circuits,
although this an intrusive approach because it requires measuring the current in the in-
ductor. Ahmeid et. al. [12], by using a Kalman filter, estimated in real time the transfer
function of a synchronous buck converter. In [13] the dichotomous coordinate descent
method was applied for an online identification of the voltage transfer function of a DC-
DC converter, although an external excitation was required. In [14] the passive and para-
sitic elements of DC-DC converters were calculated by means of a continuous time model
that applies a polynomial interpolation. In [15] a buck converter was modeled by means
of a NARX neural network. However, the parameters were not identified since it gener-
ates a black-box model. In [16], a parameter estimation of buck, boost and buck-boost con-
verters was carried out by applying an optimization algorithm that identifies the values
of the passive elements. The authors in [17] presented a review of the state-of-the-art of
parameter identification methods for DC-DC power converters, although despite the ac-
curate results, all reviewed approaches are invasive or intrusive since they require exter-
nal excitations or internal measurements.

The technical literature reveals that most of the works related to EMI filters identify
the filter from a simplified transfer function [18] or perform an electromagnetic analysis
of the filter components [19,20]. Thus, they do not provide the actual values of the filter
parameters. There is an imperious need to non-intrusively identify simultaneously all pa-
rameters of the electronic device from the input/output voltages/currents, because the in-
put/output terminals are often the only accessible points.

This paper proposes identifying all parameters of a boost PFC converter that includes
an EMI filter stage. It is based on an optimization algorithm that requires non-intrusive
measurements from the input and output terminals of the converter and the filter. A meth-
odology that comprises four optimization stages based on the trust-region non-linear least
squares algorithm is also proposed. This paper demonstrates that it is possible to simulate
the behavior of the PFC converter with high fidelity once the values of the parameters
have been identified. The proposed approach is able of estimating more than 30 parame-
ters by based on measurements at the input and output terminals of the different PFC
converter elements, which is advantageous because manufacturers often do not disclose
information about the inner components of the devices. This identification procedure rep-
resents a more realistic way of modeling the converter than methods based on transfer
functions. It can be applied to tasks such as planning, prognosis or energy management
among others. The main novelties and contributions of the paper are found in Section 5.

2. The AC-DC Power Factor Correction Converter

The boost PFC analyzed in this paper is an AC-DC converter used to obtain an output
DC voltage from an AC source with a high power factor [21]. This converter is widely
used in many industry applications because it can supply multiple loads, while continu-
ously regulating the output voltage [22]. The boost PFC is a switched mode power con-
verter (SMPC) that applies a pulse width modulation (PWM) strategy to convert effi-
ciently the electrical power. A side effect of this conversion is the generation of high-fre-
quency switching harmonics, which induce parasitic effects on the different elements of
the circuit. It also induces electromagnetic interference (EMI), which is a disturbance af-
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97 fecting electric and electronic circuit by conduction, electromagnetic induction or electro-
98 static coupling, tending to degrade the behavior of the circuit. To mitigate this interference
99 and to fulfill the requirements of EMI standards, an EMI filtering stage is required at the
100 input of the boost PFC converter.
101 Figure 1 shows the block diagram of the power converter to be identified in this pa-
102 per. It is divided in four different stages, each one including different physical and non-
103 physical parameters to be identified. These four stages are the EMI filter, the single-phase
104 AC-DC rectifier, the DC-DC boost converter and the control loop of the SMPC converter.
o EMI Filter ~ Rectifier === Boost —=
converter L
>
D
A —
- il Controller Y
106 Figure 1. Block diagram of the boost PFC which includes an EMI filter.
107 The topologies of the EMI filter and the boost PFC converter are based on commer-
108 cially available components. The first one is the 10VN1 power line filter model, manufac-
109 tured by Corcom. This EMI/RFI filter is used between the power line and the electronic
110 equipment to attenuate the conducted EMI disturbances generated by the electronic
111 equipment towards the power line [6]. It is designed for providing differential- and com-
112 mon-mode attenuation for digital equipment such as switching power supplies, over the
113 10 kHz - 30 MHz frequency range. Figure 2 shows the circuit of the EMI filter used at the
114 input stage of the boost PFC. The circuit includes 12 parameters to be identified, which
115 correspond to the passive elements of the circuit. Commonly, the values of the coupled
116 inductors (L: and L:) and the capacitors with common ground (Cs and Cs) are identical,
117 thus reducing the number of parameters to be estimated and simplifying the identification
118 process.
Ls
o Y'Y YN °
Ls “T La “T
(A AN
I
L2 T Ci== Ls -C6::
119 o 0
120 Figure 2. EMI filter to be identified.
121 The AC-DC boost PFC converter consists of a single-phase rectifier connected to a
122 step-up high-frequency switching DC-DC converter that is regulated by means of two
123 control loops (voltage and current). The boost PFC converter studied in this paper is the
124 ISA102V2 evaluation module manufactured by ST, which is an 80 W high performance
125 transition mode PFC board based on the L6562A controller. The AC-DC conversion is
126 done by means of a full wave diode bridge with an output smoothing capacitor. The rec-
127 tifier feeds a classic boost converter. Due to the high-switching frequencies of the transis-

128 tors, it is important to consider the parasitic resistance of the capacitor and the inductor.
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129 Figure 3 presents the circuit of the boost PFC and the elements whose values must be
130 identified. The exponential model of the diode was used since it reproduces accurately its
131 behavior [23] by relating the current flowing across the diode to its voltage drop as,
V /(NKT,
132 where I and I refer to the diode current and saturation current, respectively, V is the volt-
133 age drop across the terminals of the diode, g is the elementary charge of an electron, k is
134 the Boltzmann constant and T is the working temperature.
R
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136 Figure 3. Boost PFC to be identified
137 The controller of the DC-DC converter has two main objectives. The first one is to
138 maintain a power factor close to 1 by using an inner current control loop, so the input
139 voltages and currents should be almost in phase. The second objective is to deliver a con-
140 stant output voltage by means of an outer voltage control loop [24]. It regulates the output
141 voltage to a given reference value. Both loops apply a PI compensation, thus, creating a
142 robust control scheme of the boost PFC converter.
143 Figure 4 presents the block diagram of the controller along with the implementation
144 of its circuitry. The current control is a PI compensation because it is normally imple-
145 mented in the microcontroller unit of the converter and it can be modeled as a transfer
146 function. Figure 4 indicates that the reference value of the inductor current is given by the
147 output generated by the outer voltage loop. The compensation of the outer voltage control
148 loop is performed by a type-3 operational amplifier, as shown in Figure 4 (b). This type of
149 compensation provides two poles and two zeros, being used when a phase boost greater
150 than 90 degrees is needed [25]. The reference voltage is specified by the designer and the
151 values of the resistors and capacitors must be identified.

R

: Vou( PI :I ____________________ 1

| Compensation ! 1L et ‘m Pl : D A

! 1l _ Compensation | |

| ] \I/ | M

: Voul‘ref :: : /l/] _

| 1L ____ I _ _nnercurrent control loop!

: VSOLITCE :

| O—> PLL sin abs |

|

|

52 teemeeee—e—o—— - Ouenwingeconrdlc
153 @)



Electronics 2021, 10, x FOR PEER REVIEW 50f19

} VSOUrCe i

| 3

} R1 |

| |
|

R @ L |

| R2 Ci \

| |

| =

| Rs C, i

| |

i ﬂ—{ }7 ;
|

} VUUI }

| I |

| | |

I Rs Cs !

| |

| |

|

|

|

|

|

|

|

|

|

|

|

_ ! !
Rdﬁ Op. Amp. *;‘EM: : )—HS):KﬁKg 1Py
[ | PWM
|
|
|
|
|

I
I
I
l
o + I
Vout ref . l
i
|

AN
154 o ____________Ourvoltgeconrolloop | ! __inner current control loop;
155 (b)
156 Figure 4. Boost PFC controller. (a) Block diagram. (b) Circuit.
157 Given the topologies of the four blocks presented in this section, there are 33 un-
158 known values to be estimated. They correspond to the parameters of the EMI filter
159 (R,Cy,C5,C3,Cy,Cs,C, Ly, Ly, L3, Ly, Ls), the single phase rectifier (Is, N, Ty, Raioger Csmootn )
160 the boost converter (C,R¢, LRy, Rs1,Rsy) and the control loops
161 (R1,R2, R3, Ry, Rs, Cy, Cy, C3, Kp, K;). The following Sections present the proposed methodol-
162 ogy to identify these parameters and the data acquisition procedure.
163 3. The Proposed Parameter Estimation Methodology
164 This section presents the proposed approach to identify the parameters of the boost
165 PFC converter. First, it introduces the main core of the parameter identification strategy,
166 which is the nonlinear least squares (NLS) optimization algorithm. Next, the proposed
167 methodology is described.
168 3.1. Nonlinear least squares optimization for parameter estimation
169 This section presents the algorithm used in this paper to estimate the parameters of
170 the boost PFC converter. It is well-known that switched mode power converters, as the
171 one analyzed in this paper, have nonlinear characteristics, preventing conventional pa-
172 rameter estimation methods of obtaining accurate results [26]. Thus, the trust-region-re-
173 flective least squares algorithm is used because it is able to deal with nonlinearities. It is
174 mainly used to tune parameters of constrained nonlinear problems. The algorithm finds
175 a set of variables x with the purpose of minimizing an objective function [27] given by:
n
: o 2

min E(x)_mxm(iz_l:ei (x)j @)
176 where e;(x) refers to the error function, which is defined according to the type of prob-
177 lem. It is constrained by the lower and upper bounds of the variables, in the form of b <
178 x < ub [16]. The optimization approach aims to replicate the behavior of e(x) in a neigh-
179 borhood N (trust-region) by means of a quadratic function gq(s) [28]. The main purpose
180 of this algorithm is to expand the Taylor series of g(s) and to obtain the trust-region of the
181 problem. The region N is generated around the actual value of x;, and consequently, the
182 main challenge of the iterative process is to find the x,,,; point within the N neighbor-
183 hood. The selection of the new point must satisfy e(xy;) < e(xy), otherwise, the trust-
184 region N is reduced, and the point x;, does not change. Therefore, a proper selection of

185 the iteration step s, = X341 — x; is needed, which is obtained by solving the subproblem,



Electronics 2021, 10, x FOR PEER REVIEW 6 of 19

rpEiquk(S)=rijn(9(X)TS+%STH(X)SJ 3
186 where g(x) and H(x) correspond to the gradient and the Hessian matrix of e(x) evaluated
187 in x;, respectively. The condition s € N can be expressed in the form of ||D;'s|| < A;, D
188 being the diagonal scaling matrix, and A; the size of the trust-region. D is calculated by
189 means of a vector function, which is defined by v(x) = [v; (x), v5(%), ..., v, (x) 17 anditis
190 obtained according to the gradient of the error function, the boundaries (ub and Ib) and
191 the actual state x; [16]. Thus, for a given x;, the value of s« is calculated by using (3) and
192 Xp+1 = X + @Sy, where a; represents the step length. This length merely depends on
193 the interior of N (int(N)), which is defined by the upper and lower bounds of the variables
194 being optimized. The iterative process carried out to find the minimum value of e(x) is
195 based on the reflective line search (RLS), which determines how the iterations move over
196 the boundary of int(N). To accelerate the convergence of the optimization process, the
197 space int(N) is limited to a subspace V of two dimensions. This restriction enhances the
198 speed of the algorithm because the mathematical calculations of the eigenvectors and ei-
199 genvalues are easier due to the lower dimension of the subspace [29]. By using a 2-D sub-
200 space, the problem can be solved with well-known and less complex algorithms such as
201 the preconditioned conjugate gradient method. Furthermore, the Jacobian matrix J(x) ap-
202 proximates the Hessian matrix H(x), which is calculated by means of the efficient finite
203 differencing method [28]. The initial or seed point defined prior to the optimization pro-
204 cess plays an important role in the trust-region reflective algorithm since it determines the
205 step length and how the trust-region reduces after each iteration. Therefore, the local min-
206 imum reached after the NLS optimization is conditioned by the initial value of x,.
207 Considering the characteristics of the boost PFC converter mentioned in the previous
208 subsection, and the data that can be retrieved from it, the objective function of the param-
209 eter identification problem is defined as follows:
n
min [ > ([ (1) -V, (t)]2 + (1) -1 (t)]2 +[ Vi (1) -V (t)]2 +LIE () -1 (t)]z)j t=iT @)
i

210 V and I refer, respectively, to the normalized values of the voltage and current, the
211 subscripts denoting the port where the signals are obtained, the superscripts indicate
212 whether the signal is estimated by the model or acquired in the laboratory, n represents
213 the total number of time-steps considered, T is the length of the time step and ¢ is the time
214 instant where the error function is being evaluated. The variables x to be optimized are
215 the values of the electrical elements of the EMI filter and boost PFC converter, and the
216 control parameters mentioned in subsection 2.1. The minimum and maximum values of
217 these variables define the trust-region N of the NLS optimization. However, if all variables
218 are identified simultaneously, N would be too large and the problem too complex to solve.
219 Next subsection presents the proposed methodology to identify all the parameters.
220 3.2. Proposed parameter identification methodology
221 Given the complexity of the circuit and the large number of variables to be identified,
222 it is necessary to define a methodology to identify all the parameters with high accuracy
223 and a reduced simulation time. The simultaneous identification of all parameters may
224 lead to an incorrect solution because it is very likely that the optimization approach finds
225 a local minimum, thus the solution differing from the actual parameters of the converter.
226 Figure 5 shows the proposed algorithm, which aims to separately identify certain sets

227 of parameters in order to reduce uncertainty and obtain better results.
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Figure 5. Proposed methodology to identify the parameters of the boost PFC converter.

The algorithm is divided into four steps, which correspond to the four blocks of the

diagram shown in Figure 1 (EMI filter, rectifier, boost converter and controller). The first
step of the methodology consists in defining the topology of all components and to specify
the variables to be estimated. This was done in Subsection 2.1. The next step is to identify
the values of the EMI filter parameters and the rectifier, these being independent pro-
cesses, which can run in parallel. The third stage estimates the open loop parameters of
the boost converter using the previously identified values and topologies of the EMI filter
and rectifier. Finally, the control or closed loop parameters of the converter are estimated
using the NLS algorithm. A thoroughly explanation of each optimization stage is given as
follows:

EMI filter: This stage aims to identify the 12 values of the passive elements of the EMI
filter. First, the experimental setup and the data to be acquired in the laboratory are
defined. To force a sufficient rich response of the EMI filter that enables identifying
the values of the parameters, a capacitor was connected at the output terminals in
parallel with the resistive load while applying a periodic square waveform voltage
to the input terminals. To perform the identification process, the voltage and current
at the input and output terminals are needed. To simulate the high output impedance
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247 of the function generator used to generate the square waveform, a resistance Ri in
248 series with an inductance Li» were added to the Simulink® model, and the values of
249 such parameters were identified jointly with the parameters of the filter. To enhance
250 the performance of the identification process, the data was divided into two sets,
251 which were used in the optimization process, i.e., the data centered in the rising and
252 in the falling edges of the periodic square waveform. This is done to focus on the
253 intervals that contain the relevant information. Figure 6 shows the Simulink® model
254 used to identify the parameters of the passive EMI filter.

Current Sensort iy L3

€3 = c5 =
E’]Valtage . ;WY\: ' ;W“ - . .
_ |Source :A?J& . =: —r :\7{:‘ jcapac\lormad ==IRIoad
Cc4 =; cé =;
f(x) =0 .
255
256 Figure 6. Simulink model of the EMI filter
257 e  Rectifier: The identification process of the parameters of the single-phase rectifier is
258 independent of the other elements of the boost PFC converter, since it just uses the
259 acquired signals at the input and output terminals of the rectifier. This process aims
260 to estimate the diode and the output capacitor parameters. The complexity of this
261 stage depends on the considered diode model, the exponential in this case, as de-
262 scribed by (1).
263 In order to obtain an accurate representation of the exponential model, the parameter
264 estimation method uses the data acquired in three experiments of the rectifier, in
265 which the load connected at the output terminals was changed. The NLS optimiza-
266 tion algorithm identifies the values of the parameters by fitting the curves of three
267 operating points of the rectifier. Figure 7 shows the corresponding Simulink model.
T

268 -
269 Figure 7. Simulink model of the single-phase rectifier
270 e  Boost converter (open loop): The third stage of the proposed methodology is the es-
271 timation of the values of the boost converter electrical components. The available
272 data are the currents and voltages at the input terminals of the EMI filter and at the
273 output of the boost converter. Therefore, the previously estimated parameters of the
274 EMI filter and the rectifier are required in this optimization process. As explained in
275 Subsection 2.1, the parasitic components are also considered in order to obtain accu-
276 rate results.
277 The data used in this stage is based on the steady state behavior of the converter
278 when it is connected to a certain load. The timespan of the acquired signals is chosen
279 as a tradeoff between the simulation speed and the accuracy. Thus, the parameters
280 can be estimated by analyzing a two or three periods. The corresponding Simulink

281 model is shown in Figure 8.
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Figure 8. Simulink model of the boost PFC converter without control loop

e  Control parameters (closed loop): The last stage identifies the values of the boost PFC
control loop parameters listed in Subsection 2.1. It also re-estimates the value of the
capacitor of the converter because it affects the transient response of the outer voltage
loop [24]. It uses the values estimated in the previous stages and adds the voltage
and current control loops to the Simulink model. The experimental setup is the same
as in the open loop identification stage. However, the converter is subjected to a load
change at the output terminal to obtain its transient response. The timespan of the
data acquired is chosen depending on the time that the converter requires to reach
the steady state. In this stage the NLS algorithm requires more time compared to the
other stages, because it uses a model with a higher complexity and a larger dataset.
Figure 9 shows the corresponding Simulink model of the control loop that was added
to the boost PFC presented in Figure 8.
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Figure 9. Simulink model of the boost PFC converter with the control loops

As shown in Figure 5, each stage of the proposed algorithm includes a data pre-pro-
cessing step which is fundamental to run the optimization process. This step consists of
resizing, filtering and synchronizing the raw data according to the data generated by the
Simulink models. The resizing step consists of reducing the number of measured data
points without losing relevant information. It is done by means of an interpolation, di-
rectly affecting the computational burden of the process. Once the data is resized, the next
step is to eliminate the high-frequency noise by applying a low-pass finite impulse re-
sponse filter as it is the moving average. Finally, the time vector of the measured signals
is modified to synchronize the data generated from the simulations with the experimental
data, which is essential for curve fitting purposes.

Another important aspect to consider is the definition of the seed point and the upper
and lower boundaries of the parameters to be identified. The selection of the initial point
is based on a-priori knowledge of the different elements of boost PFC converters, and the
boundaries are set to cover six orders of magnitude, i.e., a typical initial value of the in-
ductor in a boost converter is 1 uH, so that the lower and upper boundaries are set to 1
nH and 1 mH, respectively.
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314 After each NLS optimization iteration, the error value is compared to a fixed value &
315 that is selected at each stage of the proposed algorithm. This value is set to 0.01 for all
316 stages. If the error value is higher than the defined threshold, the initial point and the
317 constraints are modified by multiplying the obtained values by a random number be-
318 tween 0.75 and 1.25 and the NLS optimization starts again. This is done to ensure that the
319 process reaches a different local minimum than the last one. The algorithm advances to
320 the next step when the error value is lower than 9, otherwise it iterates. Equation (5) de-
321 fines the error, which is calculated based on the experimental and estimated values of the
322 signals used in the optimization process.
error = Szlg: Mean [| Xi,norm,exp - Xi,norm,est } (5)
i=1 | i,norm,exp |
323 x refers the signals that are fitted in the NLS optimization process. Their values are nor-
324 malized to have the voltages and currents of similar magnitudes for a proper comparison.
325 4. Results
326 This section presents the experimental results obtained with the EMI filter and the
327 boost PFC converter. For this purpose, the input and output voltages and currents were
328 acquired under the conditions specified in the previous section.
329 As mentioned in Section 2, the EMI filter and boost PFC used in the laboratory in the
330 parameter estimation process are the Corcom 10VN1 and the STMicroelectronics STE-
331 VAL-ISA102V2, respectively. The maximum rated voltage of the filter is 250 VAC, its rated
332 current is in the range 6-10 A and the operating frequency could be 50 Hz or 60 Hz. The
333 specifications of the boost PFC are listed in Table 1.
334 Table 1. STMicroelectronics STEVAL-ISA102V2 Boost PFC converter specifications.
Parameter Value
Line voltage range 88 to 265 VAC
Output voltage 400 VDC

Rated output power 80 W

Switching frequency 35 kHz

Minimum efficiency 92%
335 The equipment used to measure the voltages and currents of the different devices
336 consisted of a 4 channel oscilloscope (Tektronix MDO3024 200 MHz 2.5 GS/s; Tektronix,
337 Beaverton, OR, USA), two high-frequency current probes (Tektronix TCPO030A 0.001-20
338 A 120 MHz; Tektronix, Beaverton, OR, USA) and two high-frequency differential probes
339 (Tektronix THDP200; Tektronix, Beaverton, OR, USA).
340 Figure 10 presents the experimental setup used to acquire the necessary data in the
341 parameter estimation process. Figure 10 (a) shows the setup used in the EMI filter identi-
342 fication stage of the proposed methodology, while the experimental setup presented in 10

343 (b) is used for the identification of the other stages of the methodology.
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Figure 10. Experimental setup meant for the: (a) Corcom 10VN1 EMI filter parameter estimation; (b) STMicroelectronics
STEVAL-ISA102V2 AC-DC boost PFC converter connected to the EMI filter

4.1. EMI filter parameter identification

According to the methodology presented in Figure 5, the parameter identification of
the EMI filter is the first stage of the process. To this end, the data is acquired according
to the procedure explained in Subsection 3.2. The periodic square wave voltage applied
to the filter has an amplitude of 2 V and a frequency of 50 Hz, while the load consists of
an 11 pF capacitor connected in parallel to an 11 Q resistor. Table 2 presents the lower and
upper bounds as well as the values of the parameters identified by the NLS optimization
algorithm. It also shows the values given by the manufacturer. The simulation time was
about 8 hours and 42 minutes using an Intel® Xeon® CPU, ES.1650 v2 3.50 GHz, with 64
GB of RAM memory.

Table 2. Optimization conditions of the NLS identification algorithm of the EMI filter and comparison of actual and identified pa-

rameters.

Parameter Minimum (/b) Maximum (ub) Initial Actual (datasheet) Identified Error
R 1Q 1 MQ 1kQ 270 kQ 260.15 kQ 3.67 %
C: 1nF 1 mF 1 uF 0.68 uF 0.62 pF 8.82 %
C 1nF 1 mF 1 uF 0.47 uF 0.45 pF 4.26 %
Cs 1nF 1 mF 1 uF 0.01 puF 0.0103 pF 3%
C4 1nF 1 mF 1 uF 0.01 puF 0.0103 pF 3%
Cs 1nF 1 mF 1 uF 0.0055 pF 0.0047 pF 14.5 %
Cs 1nF 1 mF 1 uF 0.0055 pF 0.0047 pF 14.5 %
L 10 nH 10 mH 10 uH 6.36 mH 6.42 mH 0.94 %
Lo 10 nH 10 mH 10 uH 6.36 mH 6.42 mH 0.94 %
L3 10 nH 10 mH 10 uH 0.06 mH 0.059 mH 1.7 %
La 10 nH 10 mH 10 uH 1.47 mH 1.35 mH 8.16 %
Ls 10 nH 10 mH 10 uH 1.47 mH 1.35 mH 8.16 %

Figures 11 and 12 show the experimental and estimated signals at the input and out-
put terminals of the EMI filter, as well as the magnitude and phase Bode plots of the filter.
The estimation is done by simulating the electrical model of Figure 2 using the identified
parameters presented in Table 2. The results show a good agreement between experi-
mental and simulated results considering the identified parameters, and the frequency
response is almost the same for both cases.
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Figure 11. EMI filter. Experimental versus simulated data using the identified parameters. (a) Rising edge input voltage;
(b) Falling edge input voltage; (c) Rising edge input current; (d) Falling edge input current; (e) Rising edge output voltage;
(f) Falling edge output voltage; (g) Rising edge output current; (h) Falling edge output current.
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Figure 12. Comparison of the actual and the estimated bode plot of the EMI filter: (a) Magnitude; (b) Phase.

4.2. Rectifier parameter identification

Since the single phase rectifier is integrated in the evaluation module of the boost
PFC used in this paper, the data acquired in this stage is based on the experimental setup
presented in Figure 10 (b). However, the EMI filter is not used and the voltage and current
probes are placed at the input of the boost PFC and at the smooth capacitor. The rectifier
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is fed at 230 V and 50 Hz. As mentioned in Subsection 3.2, the rectifier must be tested
under different operating points due to the requirements of the exponential diode model,
so the output loads were selected to 3.9 k(, 1.95 kQ and 7.8 kQ2. The simulation time was
about 1 hour and 7 minutes, which is relatively fast considering the type of problem.

Table 3 presents the main values of the NLS optimization procedure and compares
the optimal point to the actual values of the rectifier. It is important to mention that some
parameter values are not provided by the manufacturer.

Table 3. Optimization conditions of the NLS identification algorithm of the single-phase rectifier and comparison of actual and

identified parameters.

Parameter Minimum (Ib) Maximum (ub) Initial Actual Identified Error
(datasheet)
Is 1pA 1 mA 1 uA - 4.86 mA -
Tm 270 K 350 K 300 K - 328.2K -
N 0 2 1 - 0.1494 -
Raiode 1 uQ 1Q 1 mQ - 12 mQ -
Cemooth 1nF 1 mF 1 pF 0.22 uH 0.2112 pH 4%

Since there the theoretical values of the rectifier parameters are unknown, Figure 13
compares the measured values of the output voltage and current with the estimated ones.
These results show that the estimation reproduces with high fidelity the amplitude, mean
value and frequency of the output signals of the single-phase rectifier. Figure 13 (c) shows
that the high-frequency switching characteristics of the output current are also replicated
with accuracy. Figure 14 shows the estimation of the forward I-V curve of the diode, which
is calculated using the identified parameters, and it is compared against the forward I-V
curve provided by the manufacturer.
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Figure 13. Measured and estimated waveforms of the rectifier. (a) Output voltage; (b) Output current; (c) Output current

switching characteristics.
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Figure 14. Manufacturer and estimated I-V curves of the rectifier diodes

4.3. Boost converter parameter identification

After identifying the parameters of the input filter and the AC-DC rectifier, the next
stage of the proposed methodology is the identification of the steady state parameters of
the boost PFC converter. The procedure explained in Subsection 3.2 is carried out and the
data is measured using the setup presented in Figure 10 (b). A load of 3.9 kQ) was con-
nected to the output of the converter and the timespan of the measurements is equivalent
to three times the switching period of the boost converter. The duty cycle value is fixed to
0.12 because the control loop is not considered at this stage.

Table 4 presents the values of the initial point and boundaries of the parameters to
be identified, as well as the comparison between the estimated and actual values of the
passive elements. The simulation lasted for about 2 hours and 56 minutes.

Table 4. Optimization conditions of the NLS identification algorithm of the boost converter and comparison of actual and identi-

fied parameters.

Parameter Minimum (Ib) Maximum (ub) Initial Actual Identified Error
(datasheet)
C 1nF 1 mF 1 pF 47 uF 33.2 uF 29.4 %
Re 1uQ 10 1 mQ 19.4 mQ 20.02 mQ 3.20 %
L 10nH 10 mH 10 uH 0.7 mH 0.701 mH 0.14 %
Re 1 uQ 1Q 1 mQ - 9.72 mQ -
Rs1 1 uQ 1Q 1 mQ 860 mQ 882.8 mQ) 2.65 %
Rs2 1uQ 10 1 mQ - 114.2 mQ -

Results presented in Table 4 show a high accuracy in the identification of the param-
eters of the boost converter except for the capacitor. However, as already mentioned, this
parameter also affects the transient behavior of the converter, so it is re-identified in the
next stage of the process.

Figure 15 presents the measurements and steady-state estimation of the input and
output signals of the converter. The estimated curves fit the acquired data with high pre-
cision and the ripple of the signals is the same.
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Figure 15. Experimental versus simulated data of the boost converter: (a) Output voltage (the timespan is three periods of
AC source frequency); (b) Output current (the timespan is three periods of AC source frequency); (c) Output voltage (the
timespan is three periods of the PWM switching frequency); (d) Output current (the timespan is three periods of the PWM
switching frequency).

4.4. Control loop parameter identification

The last stage of the identification procedure consists of finding the parameters re-
lated to the outer voltage and inner current control loops. To estimate the parameters of
the controller, it uses the models and identified values from the EMI filter, the rectifier
and the boost converter. The experimental setup presented in Figure 10 (b) is used to ac-
quire the data. A sudden load change is applied to capture the transient response of the
boost PFC. The output load of the converter changes from 3.9 kQ to 1.95 kQ and the
timespan of the measurements is defined according to the time that the converter needs
to reach the steady state. As mentioned in the previous subsection, the value of the boost
converter capacitor is also identified in this stage, its initial value being the estimated
value obtained in the previous stage.

Table 5 shows the initial, minimum, maximum, estimated and theoretical values of
the controller parameters. The actual values of the proportional and integral constants are
not specified because they are not given by the manufacturer. The time required in this
optimization was 7 hours and 46 minutes.

Table 5. Optimization conditions of the NLS identification algorithm of the control loop and comparison of actual and identified

parameters.
. . . Actual .
Parameter Minimum (Ib) Maximum (ub) Initial Identified Error
(datasheet)

C 1 uF 100 uF 332 uF 47 uF 442 uF 5.96 %
R1 10Q 10 MQ 10 kQ 2 MQ 1.973 MQ 1.35 %
R2 10Q 10 MQ 10 kQ 15 kQ 14.82 kQ 1.2 %
Rs 10Q 10 MQ 10 kQ 2 MQ 2.05 MQ 2.5 %
R4 10Q 10 MQ 10 kQ 12.7 kQ 12.002 kQ 5.50 %
Rs 10Q 10 MQ 10 kQ 22 kQ 22.36 kQ 1.64 %
C 1nF 1 mF 1 pF 10 nF 9.38 nF 6.2 %
C 1 nF 1 mF 1 uF 2200 nF 2096.5 nF 4.7 %
GCs 1 nF 1 mF 1 uF 150 nF 148.3 nF 1.13 %
Kp 10 1096 1 - 0.0892 -
Ki 10 1096 1 - 1258.5 -

Results in Table 5 show that the identified value of the boost PFC capacitor is more
accurate than the estimation done in the previous stage, while the values of the outer volt-
age control loop are identified with high precision.
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Figure 16 compares the measured and estimated curves when a load change occurs.
It can be observed that the simulation signals obtained with the identified parameters rep-
licate the behavior of the boost PFC converter with accuracy.
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Figure 16. Measured and simulated transient response of the boost PFC. (a) Input voltage. (b) Input current.

The average relative error of the estimated parameters is 4.473 %, which has been
calculated based on the error values presented in Tables 2 to 5. Finally, the error of the
fitting process is 0.00082, which has been calculated by applying Equation (5) to the sig-
nals displayed in Fig. 16 (a) and (b). Note that this value is more than ten times below the
defined threshold 6 = 0.01.

5. Discussion

This work has contributed to the state-of-the-art in several aspects. First, it has pro-
posed a strategy to estimate more than 30 parameters based on non-intrusive measure-
ments at the input and output terminals of the different elements of the PFC converter.
Second, the different elements of the control loops (voltage and current) were identified,
which allows to reproduce with high accuracy the transient behavior of the converter.
Third, estimating all the parameters of a widely used device, such as a AC-DC PFC, results
advantageous in the design and maintenance of systems supplying multiple electronics
loads. Fourth, the algorithm is also capable of identifying the values of the parasitic com-
ponents of the converter, which is useful for high-frequency switching devices as the one
studied in this paper. Finally, the experimental setup to perform the data acquisition has
been detailed, which is relatively simple because it is not necessary to apply internal exci-
tations to the circuit or perform invasive measurements in the inductor of the boost con-
verter.

As it was mentioned in the Section I, there is a clear lack of bibliography related to
the parameter identification of an AC-DC boost PFC converter with an EMI filter. There-
fore, it is not possible to compare the proposed methodology with an existing approach.
However, there are studies that identify the parameters of simple DC-DC converters, so
only the parameters of the switched mode power converter of the PFC device can be com-
pared. The results obtained in the previous section are compared to the technique used in
[7], that estimates the parameters of the boost converter by discretizing the differential
equations governing its behavior. The average relative error resulting from calculating six
parameters of the PFC DC-DC boost converter using the method presented in [7] is 7.44
%, while the approach proposed in this paper identifies 33 parameters with an average
error of 4.47 %. This proves the accuracy of the methodology presented in this study.

One of the main causes of the error in the parameter estimation process is the data
acquisition uncertainty, which is the consequence of measuring at a high frequency rate.
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This can be improved by using an oscilloscope with higher resolution to measure the con-
verter currents and voltages. To minimize the error, it is also convenient to reduce the
space of possible solutions by defining a strategy to define the lower and upper bounda-
ries of the variables to be estimated. Finally, it is necessary to consider the uncertainty of
the values of the parameters provided by the manufacturer because, it affects the calcula-
tion of the relative error

6. Conclusions

Accurate modeling of power factor corrector converters is very important in applica-
tions involving a large number of electronic loads, which generate harmonic currents and
inject reactive power to the electrical system. An accurate modeling may lead to improved
designs, implementation of better control strategies or fulfillment of industry standards,
among many other advantages. This paper has presented a parameter identification strat-
egy of a boost PFC converter integrating an EMI filter at the input stage. This approach
uses the trust-region nonlinear least squares optimization algorithm, the topology of the
circuits and non-intrusive measurements at the input and output terminals of the device.
More than 30 parameters were identified with high precision and the behavior of the AC-
DC converter was replicated with high accuracy. The experimental results show that the
average relative error of the identified parameters was below 5 %, which proves the accu-
racy of the proposed approach. This methodology can be applied to other power electron-
ics devices.
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