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Fast Lumped Parameter Identification
of Linear EMVEH Based on Thevenin Equivalent
Measurement and Five-Point Extraction Algorithm
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Abstract—The lumped parameter model of linear electromag-
netic vibration energy harvester (EMVEH) is commonly employed,
however, identifying the model parameters is a tedious task. There-
fore, this article proposes a fast-lumped parameter identification
method for linear EMVEHs. The proposed method only requires
Thevenin equivalent measurement to prepare the original data,
including open-circuit voltage and output impedance. It is mainly
based on electrical measurement and does not require a laser
vibrometer. Also, a five-point extraction algorithm is introduced to
explore the information of parameters from the impedance data.
It is analytical rather than simple curve fitting. The theoretical
derivations, proof of principle, and simulation of the method are
fully presented. In addition, the experimental validations are also
performed on an unpackaged and another packaged EMVEH pro-
totype, which can confirm the feasibility of the proposed method.
Compared with existing methods, the proposed method not only
can achieve the same test accuracy, but also can offer high technical
applicability, and operation convenience, which can be applied to
packaged EMVEHs and rapid measurement in the industrial field.

Index Terms—Analytical solution, electromagnetic vibration
energy harvester (EMVEH), five-point extraction algorithm,
lumped-parameter model, parameter identification, Thevenin
equivalent measurement.
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I. INTRODUCTION

AMBIENT vibration energy harvesting (VEH) is a promis-
ing technique to provide sustainable energy for au-

tonomous microelectronic devices, such as wireless sensor
nodes [1]. A typical VEH system consists of a front-end energy
harvester and a back-end interface circuit. The energy harvester
is responsible for converting vibrational energy into electrical
energy, usually based on piezoelectric [2], electromagnetic [3],
electrostatic [4], triboelectric [5], etc. The interface circuit is
used to transfer the converted energy to the load, and it usually
requires a special design according to the front end. Therefore,
it is important to master a good understanding of the energy har-
vester’s characteristics. In addition, a suitable harvester model
is helpful for system simulation and performance estimation at
the design stage [6], [7], [8], [9], [10].

The electromagnetic vibration energy harvester (EMVEH) is
based on Faraday’s law of electromagnetic induction, and is
composed of magnets and coils. Various EMVEHs have been
designed to improve performance metrics including power den-
sity and frequency response [11]. The linear EMVEH possess
advantages, such as simple structure, reliable operation, and pre-
dictable behavior, making it widely adopted in practical appli-
cations [12], [13], [14]. Fig. 1(a) shows a linear cantilever-based
EMVEH. According to the lumped parameter model theory,
such an EMVEH can be expressed as a single-degree-of-freedom
second-order damped vibration system [3], as shown in Fig. 1(b).
This model is commonly used in the field of linear EMVEH
and is suitable for system-level analysis, simulation, and circuit
design [15], [16], [17], [18], [19], [20].

In general, only six global lumped parameters as listed in
Table I are required to describe this model [21], [22]. According
to their physical definition, they can be determined by various
theoretical and experimental methods. Researchers in different
fields can do this by using a preferred combination of opera-
tions [21], [22], [23], [24], [25]. Since these methods are not
fully documented, they are collectively referred to herein as
“traditional method.” To the best of the author’s knowledge, a
typical procedure of the traditional method can be summarized
as follows [21], [22], [25].

1) Identify the mechanical parameters M , D, and K through
static and dynamic testing under appropriate electrical
constraints.
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Fig. 1. (a) Linear cantilever-based EMVEH. (b) Equivalent dynamic model.

TABLE I
LUMPED PARAMETERS OF A LINEAR EMVEH

2) Measure the electrical parameters r and L by using
an inductance-capacitance-resistance (LCR) meter or an
impedance analyzer under appropriate mechanical con-
straints.

3) Calculate the electromagnetic force–current factor β by
dividing the induced electromagnetic voltage by the rela-
tive vibration velocity of the mass.

It is acknowledged that the traditional method can work well
in most cases. However, it involves specialized instrumentation
and test methods, requiring the conversion of data collected from
multiple sources, which is time-consuming and confusing [21].
In addition, it is difficult to apply mechanical constraints and
laser vibrometers to a packaged EMVEH for specific mea-
surements [13], [21], [25]. Without these treatments, parameter
identification may become difficult. Although these treatments
can be performed more easily by disassembling the packaged
EMVEH, this operation may affect the magnetic field region,
inductance measurement, functional and structural integrity, etc.

Several attempts have been made to accelerate and simplify
the parameter identification process. Elvin and Elvin [24] pro-
posed a relatively simple computational approach for calculating
the electromechanical parameters of a linear EMVEH. Com-
pared with the measured values, the calculated errors of coil
resistance and inductance are +5.8% and −10%, respectively.
In additional, some pretested experimental data still need to
be substituted in the calculation process. Balato et al. [26]
presented a method that utilizes the power versus frequency
curve to determine the lumped parameters. This method offers
convenience when the manufacturer has provided the necessary
information about the EMVEH, otherwise, it still requires users
to design the optimal load and measure the load power. Yuan
et al. [27] developed a workflow to extract an “equivalent circuit”
of EMVEH from a finite element model (FEM) built in ANSYS
Maxwell 3-D. However, this so-called “equivalent circuit” is
only a look-up table, not an explicit electrical model. Further-
more, simulation results still need to be verified experimentally
in critical applications.

Fig. 2. (a) Equivalent circuit of EMVEH. (b) Thevenin equivalent circuit.

With the application of VEH technology, most commercial
EMVEHs have appeared, such as PMG17 (Perpetuum Ltd.) [28],
VEG-20/30/50/60/70 (XIDAS IoT) [29], and VEH-450 (Ferro
Solutions) [30]. However, manufacturers only provide basic in-
formation, such as maximum output voltage, output power, and
output impedance. The detailed parameters for estimating the
electromechanical behaviors of EMVEH are not fully available.
In addition, the above EMVEHs are all fully packaged devices,
which poses a challenge to lumped parameter identification.

Therefore, the article proposes a fast-lumped parameter iden-
tification method for linear EMVEHs. This method relies mainly
on electrical measurement and does not require laser vibrom-
eters, mechanical constraints, and cumbersome operations. It
only requires Thevenin equivalent measurement on a linear
EMVEH to prepare the original data, including open-circuit
voltage and output impedance tests. In addition, a five-point
extraction algorithm is proposed to extract the information about
the lumped parameters from the impedance data. Therefore, it is
easier to implement and more suitable for packaged EMVEHs
and industrial field measurements.

II. REVIEW OF EXISTING KNOWLEDGE

A. Theory of Linear EMVEH

The second-order spring-damper-mass vibration system de-
picted in Fig. 1(b), corresponding to a linear single degree-
of-freedom (SDOF) EMVEH, can be further represented by
an electrical circuit model [9], [21], [23], as shown in Fig.
2(a). The electromagnetic force–current factor β is modeled
as a gyrator electrically. Accordingly, the electromechanical
coupling equations for this system can be expressed as (1) and
(2). The mechanical variables a and u represent the base acceler-
ation excitation and displacement response, respectively. Also,
the electrical variables vE and iE denote the electromagnetic
output voltage and current, respectively. The descriptions of the
remaining parameters have been presented in Table I

M
d2u

dt2
+D

du

dt
+Ku+ βiE = −Ma (1)

vE = β
du

dt
− L

diE
dt

− riE . (2)

B. Traditional Method

The traditional identification method is based on physical
definitions of the lumped parameters. The brief principles and
operations can be concluded as follows.
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Fig. 3. Traditional method. (a) Setup for testing K. (b) Setup for testing M , D, and β. (c) Setup for testing r and L.

1) Identification of Parameters M, D, and K: The stiffnessK
can be measured by a static loading test on the spring component
of the EMVEH as shown in Fig. 3(a). When the tip of the
cantilever beam is subjected to a load F , it can produce a
deflection δ. According to Hooke’s Law, the stiffness K can
be calculated as the load versus deflection as given by

K =
F

δ
. (3)

The setup shown in Fig. 3(b) can be used for testing M
and D. The EMVEH is open-circuited and excited sinusoidally
by a shaker. The base acceleration ax is measured using an
accelerometer. Meanwhile, the vibration amplitude um of the
tip of the cantilever beam is measured by a laser vibrometer.
Based on (1), the relation between ax and um is derived as (4).
Note that ω is the angular frequency of electrical signals in the
equivalent circuit of EMVEH. Usually, a correction factor μ is
used to compensate for the difference between the experiment
and theory. Finally, the values of M and D can be solved by
parametric curve fitting

um =
μMax√

(K − ω2M)2 + (ωD)2
. (4)

2) Identification of Parameters r and L: The setup shown
in Fig. 3(c) can be employed for measuring r and L. In or-
der to avoid the influence of mechanical motion on electrical
measurement, the cantilever beam is mechanically blocked in
the test (u=0, u̇=0) [21]. Thus, the mechanical domain of the
EMVEH equivalent circuit is open-circuited. Then, the remain-
ing circuit only including r and L can be easily measured using
an impedance analyzer. The corresponding electrical impedance
of the EMVEH in this mechanically blocked condition is given
by

Zblocked (ω) = r + jωL. (5)

3) Identification of Parameter β: The identification of β is
also based on the setup shown in Fig. 3(b). A voltmeter is
employed for measuring the open-circuit voltage V oc

E of the

EMVEH under a sinusoidal acceleration excitation. Since iE is
zero in (2) when the EMVEH is open-circuited, the expression
of β is simplified to the ratio of open-circuit voltage to vibra-
tion velocity. The latter is further derived from the vibration
amplitude um measured by a laser vibrometer. Therefore, the
electromagnetic force-current factor β is calculated by

β =
V oc
E

ωum
. (6)

The above operations show that the traditional method can
always work with the help of specific constraints and laser
vibrometers. However, it is difficult to apply these treatments
to a packaged EMVEH for specific measurements. Also, the
operations of traditional methods are still time-consuming and
troublesome.

III. PROPOSED PARAMETER IDENTIFICATION METHOD

A. Thevenin Equivalent Circuit

Under the sinusoidal steady-state condition with an angular
frequency ω, the Thevenin equivalent circuit can be derived as
shown in Fig. 2(b). Furthermore, the Thevenin voltage Veq(ω)
and impedanceZeq(ω) are calculated as (7) and (8), respectively.
It is mathematically possible to determine these parameters by
solving enough equations with different angular frequencies.
However, it is inefficient and lacks interpretability. Instead, the
proposed method determines these parameters by exploiting the
intrinsic characteristics of these equations

Veq (ω) =
−jωβMA (ω)

K − ω2M + jωD
(7)

Zeq (ω) =
jωβ2

K − ω2M + jωD
+ jωL+ r. (8)

Before explaining the proposed method, some intermediate
parameters including ωn, ζm, and ke are introduced [25]. In
fact, these parameters are commonly mentioned in the field of
mechanics. The natural frequency ωn, defined as

√
K/M , cor-

responds to the mechanical resonance frequency of the EMVEH
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Fig. 4. Proposed method. (a) Setup for output impedance test. (b) Equivalent
test circuit.

Fig. 5. Typical curves of real part R(ω) and imaginary part X(ω).

when it is open-circuited (iE=0). The mechanical damping ratio
ζm, defined as D/(2Mωn), is usually small (ζm�1). The elec-
tromechanical coupling coefficient ke, defined as β/

√
KL, is

preferred to be large in a well-designed prototype. The proposed
method requires two tests including output impedance test and
open-circuit voltage test.

B. Output Impedance Test

The setup for the output impedance test in this method is
different from that of the traditional method. As shown in Fig. 4,
the tip of the cantilever beam is free rather than mechanically
blocked. This means that no specific mechanical constraints are
required and thus this test can be performed on a packaged
EMVEH. In addition, the circuit of the mechanical domain is
closed rather than open. Thus, the output impedance Zeq(ω)
measured in this mechanically free condition includes both the
mechanical and electrical components.

Substitute the intermediate parameters into (8), then separate
the real part R(ω) and imaginary part X(ω), respectively, as
given by (9) and (10). The typical curves of R(ω) and X(ω)
are plotted in Fig. 5. There are five key points located in the
two curves, as denoted by Q1–Q5, which can be used for
fast parameter identification. The proposed five-point extraction
algorithm is explained as follows:

R (ω) =
2ζmk2eω

3
nω

2L

(ω2
n − ω2)2 + (2ζmωnω)

2 + r (9)

X (ω) =

(
ω2
n − ω2

)
k2eω

2
nωL

(ω2
n − ω2)2 + (2ζmωnω)

2 + ωL. (10)

Fig. 6. Proposed method. (a) Setup for open-circuit voltage test. (b) Equivalent
test circuit.

The first key point Q1(0, Rdc) is the intersection between the
R(ω) curve and the vertical axis, which is obtained by setting ω
to zero or infinity in (9). Then, the coil resistance r is determined
as follows:

r = R(0) = R (∞) = Rdc. (11)

The second key point Q2(ωn, Rmax) is actually the peak point
of the R(ω) curve. It is obtained by setting ω to ωn in (9). Also,
if the remaining parameters are determined, the expression of
Rmax given in the following equation can be used to calculate
the coil inductance L:

Rmax = R (ωn) =
k2eωnL

2ζm
+ r. (12)

Based on the value of ωn read from Q2, the third key point
Q3(ωn, Xn) can be located in the X(ω) curve. The expression
of Xn is derived from (10), as given in the following, which can
be also used to calculate the coil inductance L:

Xn = X (ωn) = ωnL. (13)

The remaining two key points are the nonzero intersections
between the X(ω) curve with the horizontal axis, as marked by
Q4(ω1, 0) and Q5(ω2, 0). Substitute ω1 and ω2 into (10), then
ζm and ke can be solved analytically as follows:

ζm =

√
(ω2

1 − ω2
n) (ω

2
2 − ω2

n)

2ω2
n

(14)

ke =

√
ω2
1ω

2
2 − ω4

n

ω2
n

. (15)

C. Open-Circuit Voltage Test

So far, the parameters r,L,ωn, ζm, andke have been obtained,
while the remaining parameters M , D, K, and β are still unde-
termined. Fortunately, once any one of them is determined, all
the others can be obtained together. Thus, another open-circuit
voltage test is required to determine the parameter β. The
corresponding setup and equivalent test circuit are presented
in Fig. 6. Given the base acceleration ax of Ax sinωxt with an
amplitudeAx and angular frequencyωx, the open-circuit voltage
V oc
E sin(ωxt+ ϕx) with an amplitude V oc

E and initial phase ϕx

can be observed. Then, based on (7), the parameter β can be
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TABLE II
FORMULAS FOR CALCULATING LUMPED PARAMETERS

calculated as follows:

β =

√
(ω2

n − ω2
x)

2 + (2ζmωnωx)
2

ωx

V oc
E

Ax
. (16)

Because the electromechanical coupling dynamics test is
involved, it is better to measure open-circuit voltage under
different accelerations and frequencies in order to improve test
accuracy. Then, the determination of β is considered as an
optimization problem as described by

β = argmin
(β)

N∑
i=1

⎛
⎝V oc

E,i −
ωiβAi√

(ω2
n − ω2

i )
2
+ (2ζmωnωi)

2

⎞
⎠

2

(17)
where N represents the number of measurements. ωi, Ai, and
V oc
E,i are the angular frequency, acceleration amplitude, and

open-circuit voltage in the ith measurement, respectively. Such
an optimization problem can be easily solved by using numerical
methods. Since β is determined, all the other parameters can be
obtained subsequently. The involved formulas for calculation
are summarized in Table II.

D. Proof of Principle

The existence of Q4(ω1, 0), Q5(ω2, 0), and the validity of
(14) and (15) are not proved in the above derivation. Here, a
loose proof of principle is presented as follows. The analytical
solution of ω1 and ω2 is given by (18). As a thumb of rule, ζm
is usually much less than unity. Also, the value of k2e/(2ζm)
is usually large in a well-designed EMVEH, which can reach
tens, hundreds or even thousands [25]. Thus, the condition of
k2e/(2ζm) > 2ζm + 2 can be satisfied with a high probability,
so does the existence of (18). Since (k2e − 4ζ2m) > 4ζm is valid,
ωn must be smaller than ω1 and ω2, which confirms the validity
of (14) and (15). Finally, the validity of the proposed five-point
extraction algorithm is guaranteed in most practical EMVEH
prototypes

ω1,2 = ωn

√√√√
1 +

k2e − 4ζ2m ±
√

(k2e − 4ζ2m)2 − 16ζ2m

2
. (18)

IV. SIMULATION TESTS

In order to verify the effectiveness of the proposed parameter
identification method, the first simulation test is carried out
using the electrical simulation data generated by LTspice. The
equivalent circuit of a linear EMVEH is built in LTspice with
the simulated parameters: M=50 g, D=1.5 N · s/m, K=5000
N/m, r=25 Ω, L=15 mH, and β=10 N/A. It is noted that the
simulated circuit is an equivalent transformation of the circuit

Fig. 7. (a) Simulation test of output impedance. (b) Simulation test of open-
circuit voltage.

presented in Fig. 2(a). In the simulation, first, a 4096-point
impedance sweep test of the circuit within a frequency range
of 1 mHz–100 Hz is conducted. The curves of real part and
imaginary part of the output impedance with five key points are
plotted in Fig. 7(a). Second, a 200-point open-circuit voltage
sweep test of the circuit within a frequency ranging from 40
to 60 Hz under an acceleration of 2 m/s2 is performed, as
plotted in Fig. 7(b). With the data of output impedance and
open-circuit voltage, the proposed method can determine the
parameters of the EMVEH successfully, as listed in Table III.
The simulation test indicates that the proposed method has a
high accuracy of parameter identification, and the relative error
between determined values and simulated values is less than
±1%.

The second simulation test is performed to investigate the
effect of parameter errors on the performance estimation of
linear EMVEHs. The open-circuit voltage of a linear EMVEH
can be calculated by (7). According to resistive impedance
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Fig. 8. (a) Normalized open-circuit voltage versus parameter error. (b) Normalized optimal load versus parameter error. (c) Normalized optimal power versus
parameter error.

TABLE III
SIMULATION TEST RESULTS

matching [31], [32], the optimal load resistance maximizing the
power delivered to the load and the corresponding optimal output
power can be obtained from (19) and (20), respectively. The
simulated values of the six lumped parameters listed in Table III
are used as baseline values. The baseline values of open-circuit
voltage, optimal load, and optimal power are calculated from
the baseline parameters under resonance conditions. By using
the control variable method, only one parameter is changed and
the other parameters are kept unchanged, and the corresponding
open-circuit voltage, optimal load, and optimal power are recal-
culated. The calculated values are normalized with respect to the
corresponding baseline values for a fair comparison. Therefore,
the normalized baseline value is equal to 1.0, which is obtained
when there are no parameter errors

RL,opt = |Zeq (ω)| =
√
(R (ω))2 + (X (ω))2 (19)

Popt =
1

2

|Veq (ω)|2 RL,opt

(R (ω) +RL,opt)
2 + (X (ω))2

. (20)

Fig. 8 shows the impact of parameter errors on the performance
variation of linear EMVEHs, which includes the normalized
open-circuit voltage, normalized optimal load, and normalized
optimal power. Parameter errors are measured as percentage
deviations from baseline values and an observation range of
−50% to +50% is selected. When the performance variation
and parameter error have the same sign, it is defined as a

TABLE IV
CORRELATION BETWEEN PERFORMANCE VARIATION AND PARAMETER ERROR

positive correlation, otherwise, it is a negative correlation. In
addition, when the performance variation reaches more than half
of the parameter error, it is usually called strong correlation,
otherwise, it is called weak correlation. Accordingly, the corre-
lation between performance variation and parameter error can be
concluded in Table IV. The difference between “uncorrelated”
and “nearly uncorrelated” is that the performance variation of
the former does not include the parameter error at all, while
the performance variation of the latter includes the parameter
error, but the corresponding impact is very small. In general, the
estimation of output power of a linear EMVEH is of interest.
According to the simulation results, the parameters M , D, and
β have a strong impact on the normalized optimal power, and the
parameter r has a weak impact, whereas the parametersL andK
have almost no impact. Therefore, the identification accuracy of
M , D, and β is critical to the performance estimation of linear
EMVEHs.

V. TECHNICAL VALIDATIONS

A. Experimental Setup

To further verify the feasibility of the proposed method,
experimental tests are carried out on two EMVEH prototypes,
as demonstrated in Fig. 9(a). The first prototype (EMVEH-1)
is a laboratory-built device, which is an unpackaged EMVEH.
The second prototype (EMVEH-2) is a commercial device typed
as VEG-30 from XIDAS IoT [29], which is a fully packaged
EMVEH. Fig. 9(b) illustrates the experimental setup using an
impedance analyzer to measure the output impedance of the
prototype. Fig. 9(c) shows the experimental setup using a digital
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Fig. 9. (a) Two EMVEH prototypes. (b) Output impedance test setup.
(c) Open-circuit voltage test setup.

multimeter to measure the open-circuit voltage of the prototype,
which is also synchronously displayed on the oscilloscope.
Meanwhile, the base acceleration is monitored by a commercial
integrated electronics piezoelectric accelerometer in real-time.
In addition, when the EMVEH has a large dynamic mass, the
reaction force from the EMVEH may affect the working state
of the shaker, especially near the resonance point, which may
affect the measurement of base acceleration and open-circuit
voltage. To minimize this effect, it is recommended to use a
vibration shaker with negative feedback control or a stronger
drive capability. Therefore, a strong vibration shaker (VT-500)
with a weight of 30 kg and a peak driving force of 500 N is
employed in the experiment.

B. Parameter Identification of EMVEH-1

Fig. 10(a) plots the real part R(ω) and imaginary part X(ω)
of the output impedance of the EMVEH-1 prototype. Due to
the capacity of the impedance analyzer IM3570, only an 801-
point impedance sweep test within a frequency ranging from 4
to 200 Hz is conducted. Thus, the frequency resolution is 0.245
Hz in the impedance measurement. According to (11), the coil
resistance r should be read from R(0). Since the R(ω) curve
gradually approaches a constant as the frequency decreases, the
start point of 28.074 Ω at 4 Hz in the measurement, is simply
taken as the coil resistance r.

As a comparison, the coil resistance r is measured to be
28.361Ω in the pure dc test mode, and thus this approximation

Fig. 10. Measurement results of EMVEH-1 prototype. (a) Real partR(ω) and
imaginary partX(ω) of the output impedance versus frequency. (b) Open-circuit
voltage V oc

E versus frequency under 2 m/s2 acceleration.

treatment only causes an error of −1.01%. The impact of this
small error on performance estimation can be almost neglected
according to the above simulation results. In addition, despite
an error in r, it is still reasonable because the other parameters
are independent and not affected by it. Then, based on the five
key points Q1–Q5 located in Fig. 10(a), the values of ωn, ζm,
ke, and L can be determined to be 31.440 × 2π rad/s, 0.07962,
1.0320, and 16.262 mH, respectively.

Fig. 10(b) also plots the measured open-circuit voltage of the
EMVEH-1 prototype excited under an acceleration of 2 m/s2

within a frequency range of 25 to 38 Hz. There are a total of 36
measured points. According to (17), the value of β is resolved
to 8.589 N/A. Then, the remaining parameters M , D, and K
are calculated to 109.152 g, 3.433 N · s/m, and 4259.485 N/m,
respectively. Since the EMVEH-1 prototype is an unpackaged
device, its parameters can be also measured using the traditional
method. Table V compares the parameter identification results
of the traditional and proposed methods. It is observed that the
parameters identified by the proposed method are close to that
of the traditional method. The maximum deviation occurs in the
damper coefficient D, and the relative error is only +2.78%.
Accordingly, this error can result in estimation errors of open-
circuit voltage, optimal load, and optimal power under-estimates
of 2.7%, 2.0%, and 3.4%, respectively.

In addition, the output impedance and open-circuit voltage of
EMVEH-1 are reconstructed based on parameters identified by
both methods, as shown by the red and blue solid-lines in Fig. 10.
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TABLE V
DETERMINED PARAMETERS OF EMVEH-1

To estimate the goodness of reconstruction, the normalized root-
mean-square error (NRMSE) is employed as given by

NRMSE =
1

pmax − pmin

√∑N
i=1 (p̂i − pi)

2

N
(21)

where N represents the number of data points. pi and p̂i are
the ith measured and reconstructed points. pmax and pmin are
the maximum and minimum points in the whole dataset, re-
spectively. Accordingly, the NRMSE of R(ω), X(ω), and V oc

E

obtained based on the traditional method versus measured points
are 0.0806, 0.0177, and 0.0486, respectively. The corresponding
NRMSE between the proposed method and measured points are
0.0902, 0.0163, and 0.0370, respectively. The NRMSE of R(ω)
is significantly larger than others, which is also reflected in Fig.
10(a). It can be seen that the error between the measured point
of R(ω) and the reconstructed value based on both methods
increases with increasing frequency. The underlying reason be-
hind this is that the EMVEH-1 prototype is not a perfectly linear
EMVEH. Therefore, this error is attributed to the limitations
of the linear lumped parameter model rather than the proposed
method. Overall, in the parameter identification of EMVEH-1,
the proposed method is basically consistent with the traditional
method in terms of both intuitive curves and quantitative data.

C. Parameter Identification of EMVEH-2

The EMVEH-2 prototype is a fully packaged device, which
prevents the use of traditional methods. Thus, only the proposed
method is performed on EMVEH-2. According to the provided
datasheet, the nominal resonant frequency of EMVEH-2 is
about 30 Hz [29]. First, an 801-point impedance sweep test
within a frequency ranging from 4 to 200 Hz is conducted on
EMVEH-2. However, since the EMVEH-2 prototype has a high
mechanical quality factor (>60), this frequency resolution is
insufficient in the critical region near its resonant point. Thus,
an additional 801-point impedance sweep test in the 25–33 Hz
range is added. Finally, Fig. 11 plots the measured results of
output impedance and open-circuit voltage of EMVEH-2. The
five key points Q1–Q5 are also clearly marked in Fig. 11(a). It
can be observed that the positions of points Q3 and Q4 are very
close. Therefore, this region actually requires high-frequency
resolution. Fig. 11(b) plots the measured open-circuit voltage of

Fig. 11. Measurement results of EMVEH-2 prototype. (a) Real partR(ω) and
imaginary partX(ω) of the output impedance versus frequency. (b) Open-circuit
voltage V oc

E versus frequency under 0.6 m/s2 acceleration.

TABLE VI
DETERMINED PARAMETERS OF EMVEH-2

the EMVEH-2 prototype excited under an acceleration of 0.6
m/s2 within a frequency range of 20–40 Hz. There are a total
of 53 measured points.

All the parameters are identified by the proposed method, as
listed in Table VI. Then, the output impedance and open-circuit
voltage of EMVEH-2 are reconstructed based on the determined
parameters, as the red solid-lines plotted in Fig. 11. It is demon-
strated that the reconstructed and measured results can reach a
good agreement. In detail, the NRMSE of R(ω), X(ω), and V oc

E

obtained based on the proposed method versus measured points
are 0.0030, 0.0028, and 0.0414, respectively. The small NRMSE
values can confirm the goodness of reconstruction, as well as the
parameters identified by the proposed method.
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TABLE VII
TECHNICAL COMPARISON

In addition, the datasheet shows that the typical coil resistance
of EMVEH-2 is 435 Ω and the output impedance is 440 Ω
with 24 mH at 1 kHz. However, they are nominal values for
mass production and not specific to an individual. Due to manu-
facturing errors, there are uncertain differences between actual
parameters and nominal values for each device. Based on direct
LCR measurement, the measured coil resistance of EMVEH-2 is
427.388 Ω and the equivalent inductance is 24.808 mH at 1 kHz,
as shown in Fig. 11(a). Based on the proposed method, the coil
resistance and inductance are determined to be 430.614 Ω and
26.210 mH, respectively, and the relative errors are +0.75% and
+5.65% as compared with the direct LCR measurement results.
According to the above simulation results, the error of parameter
L has almost no impact on the performance estimation of linear
EMVEHs.

D. Technical Comparison

Table VII compares the proposed method with existing meth-
ods in terms of several technical characteristics. The lumped
parameter identification process in [21] mainly adopts the tra-
ditional method according to the physical definitions of param-
eters. It usually requires laser vibrometers and mechanical con-
straints to construct specific test conditions, so it is not suitable
for packaged EMVEHs. The method in [24] uses theoretical
derivation instead of some experimental tests, but there is a
relatively large test error if the formulas are not accurate enough.
The method in [26] can determine all the lumped parameters
according to the optimal output power without the need for laser
vibrometers and mechanical constraints. However, the measure-
ment of optimal output power requires traversing tests over a
range of vibration frequencies and load resistances, which is
complex. The method in [27] is a pure simulation method based
on finite element analysis, and the result is only a lookup table,
not an explicit electrical model. The proposed method relies on
the Thevenin equivalent measurement of linear EMVEHs, which
does not require laser vibrometers and mechanical constraints.
Compared with the traditional method, this method has the same
test accuracy and can be applied to the packaged EMVEHs and
rapid measurement in industrial field.

VI. CONCLUSION

In this article, a new method based on Thevenin equivalent
measurement and five-point extraction algorithm is proposed
to identify the lumped parameters of a linear EMVEH. The
required measurements only include the output impedance and
open-circuit voltage. Also, the five-point extraction algorithm
is analytical rather than simple curve fitting. The details of
the method including theoretical derivations, proof of princi-
ple, comprehensive simulation, and experimental validations
are fully presented, thereby substantiating the feasibility of the
proposed method. Compared with the traditional method, the
proposed method exhibits a maximum relative error of +2.78%
in parameter D identification of an unpackaged laboratory-built
EMVEH. In addition, this method can also work on a packaged
commercial EMVEH and exhibits a maximum relative error of
+5.65% in parameter L identification as compared with the
direct LCR measurement results. Overall, the proposed method
can offer high technical applicability, operation convenience,
and test accuracy, which can be applied to industrial field mea-
surement applications.
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