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Abstract

Although wireless excitation improves the reliability of electrically excited synchronous motors (EESMs), the rotor field current cannot be directly measured
due to the rotation of the rotor. Using the widely adopted S-N topology as a representative framework, this paper reveals the prediction principle of
excitation current and proposes five distinct excitation current estimation methods. By comprehensive comparison, the method of estimating the excitation
current using the input voltage and the RMS value of the primary current exhibits excellent characteristics across all aspects. It eliminates the need for high-
frequency phase detection, is robust to load variation, and provides a reliable technical solution for the closed-loop control of wireless excitation systems.
Sensitivity analysis shows that, within a normalized sweep of 0.90-1.10, the estimation error remains within an engineering-acceptable range, providing
tolerance-setting and sensor-selection guidance. Experimental validation on an 80 kHz prototype achieves primary-side ZVS, and a maximum steady-state
error of 2.4% over 1-4 A setpoints, demonstrating effectiveness and practical feasibility.
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Introduction

Electrically excited synchronous machines (EESMs) are attrac-
tive for traction because they avoid rare-earth magnets and allow
tunable field strengthl2. As brushes and slip rings are replaced
by inductive wireless power transfer (WPT) to feed the rotor34,
excitation becomes contactless and the central control task shifts
to robustly inferring the rotor field current from primary-side
measurements>; this feasibility depends strongly on the chosen
resonant topology and on the typically strong coupling imposed by
compact layouts.

Recent studies have begun to treat rotor-field inference itself as
a primary estimation problem in contactless excitation. For induc-
tively excited EESMs, model-based approaches estimate rotor field
current (@and sometimes temperature) from transmitter-side vari-
ables, and show experimental validation’-%); related brushless-
exciter work likewise closes the loop without rotor sensors. In paral-
lel, primary-side-only identification/regulation has been demon-
strated for common WPT links!'%11], using inverter voltage/current—
sometimes with phase—to infer load/output and thus avoid receiver
instrumentation or communication. These trends support a topol-
ogy—-measurement co-design centered on what is reliably available
at the transmitter.

Across the WPT design space, high coupling coefficients (k) can
degrade the fidelity of the first-harmonic approximation (FHA)!'2],
leading to frequency splitting, waveform distortion, and height-
ened parameter/phase sensitivity—especially under detuning or
light-load conditions—so time-domain/differential-equation models
are often required!'3l. The typical waveform distortion and discon-
tinuous current phenomena caused by such strong coupling are
illustrated in Fig. 1. In practice, S-S compensation is used for EESM
wireless excitation('¥, and LCL-S are also used to reduce receiver
hardwarel's; however, under strong coupling or detuning, prior
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studies report distortion and sensitivity that complicate phase-
based regulation and stress prediction, again motivating beyond-
FHA modeling.

To minimize rotating hardware, the None-side (N) family removes
secondary compensation—most notably S-NU6, LCL-NI'71, LCC-N['8],
LC-NU'9, and even N-NROL Under high k and certain operating
regions, shaped input impedances and diode thresholds can intro-
duce rectifier input current conduction gaps (DCM) on the
receiver222, weakening CC/CV characteristics or soft-switching
margins; accurate analysis in such regions typically relies on time-
domain formulations rather than FHA. In LCC-N, CC/CV can be regu-
lated using only transmitter-side voltage and current!?3]; however,
inferring the output from the resonant-capacitor voltage together
with the primary current typically requires precise, high-bandwidth
amplitude/phase sensing at the resonant frequency. For N-N and
other sensor-minimal links, transmitter-only metering/estimation of
delivered power and load is feasible, but errors grow at low output
current, so schemes centered on robust transmitter observables are
preferred. The S-N resonant topology maintains low harmonic dis-
tortion and avoids receiver-side current discontinuity under strong
coupling conditions, making it particularly suitable for wireless exci-
tation systems. However, its constant-voltage output characteristic
causes the excitation current to vary with load changes, necessitat-
ing estimation algorithms to determine actual current values.

Positioned in this context, this paper focuses on strongly coupled
S-N. It derives a time-domain relationship between the excita-
tion current and primary variables Uy, |1 ;ms 6, and compares five
primary-side estimation schemes under realistic detuning and
sampling conditions. Experimental results indicate that the calcu-
lated method for obtaining cos6 achieves the best trade-off, main-
taining low error while avoiding high-precision secondary-side
phase sensing. This study provides a closed-loop control solution for
wireless excitation systems under the S-N topology.
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Fig. 1 Effects of strong coupling on system performance. (a) High
harmonic content. (b) Discontinuous current mode.

System architecture and resonant
principle of S-N topology

The exploded assembly diagram of the S-N topology wireless
excitation system is shown in Fig. 2. It primarily consists of a high-
frequency inverter, resonant capacitor, rotary magnetic coupler, the
secondary side Printed Circuit Board (PCB), and an electrically
excited motor. The absence of a resonant topology on the receiver
side reduces rotational mechanical stress. The rotary magnetic
coupler is divided into a primary side and a secondary side. The
secondary side PCB feeds current into the excitation windings.
During motor operation, the secondary side of the rotary magnetic
coupler, the secondary side PCB, and the motor rotor rotate coaxi-
ally to remain relatively stationary.

The system circuit diagram of the S-N resonant topology is shown
in Fig. 3. In the figure, U;, represents the input voltage, Qe Dpucks
and Ly, respectively represent the MOSFET, diode, and filter induc-
tor that constitute the buck circuit. Uy, represents the output voltage
of the buck circuit, G, is the filter capacitor, MOSFETs Q;-Q, form the
high-frequency inverter, and Cp is the primary side resonant capacitor.
The parts enclosed by the red boxes represent the rotary magnetic
coupler. The model in Fig. 3a is the mutual inductance model, the
model in Fig. 3b is the single leakage inductance model for the
primary side, used to reveal the circuit operation mechanism of the S-
N resonant topology. Diodes D;-D, form the rectifier circuit, , is the
receiver-side filter capacitor, and L¢ and R¢ denote the equivalent exci-
tation inductance and resistance, respectively.

In the figure, u; and u, represent the output voltage of the high-
frequency inverter and the input voltage of the rectifier, respec-
tively, i; and i, represent the currents flowing through the primary
and secondary sides of the rotary magnetic coupler, respectively,
and U; and ; represent the voltage across the excitation winding
and the excitation current, respectively.

In the mutual inductance model, the magnetic coupler consists of
the self-inductance Lp of the primary side, the self-inductance Lg of
the secondary side, and the mutual inductance M. In the single leak-
age inductance model, it consists of the leakage inductance L, of
the primary side, the magnetizing inductance Ly, and an ideal
transformer with a turn ratio of Ny;:1.

The expressions for the parameters of the single leakage induc-
tance model can be derived as follows:

N M
P
M2
me:L_s (1)

2
Lyp :LP—AL/[—S = (1 ~ %) Lp

In the equation, k is the coupling coefficient, and it satisfies:
1
VLeLs
In the S-N resonant topology, the resonant capacitance value
should satisfy:

k= )
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Fig. 2 Exploded diagram of S-N topology wireless excitation system.

a_li'dj meuck
il Rotary magnetic
Obuck O 4| 0; 4|.: coupler Dy
C oo
OUn N Ui £ Cy ’ L,
Druex ‘
0> 04 %;
b_EKH e Lbuck
141 Rotary magnetic
Obuck O 4 03 4|: _coupler p,

Loy N1 1Ti

e
|Gy Lo

Fig. 3 Wireless excitation systems with S-N topology based on different
equivalent models. (a) Based on mutual inductance model. (b) Based on
single leakage inductance model.
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- WLy,
where, w represents the operating frequency of the system. Under
these conditions, the system voltage satisfies:

Cp (3)

w_ Use _ Ne )
U Us 1

Excitation current estimation
algorithm for wireless excitation
system

Calculation of excitation current under S-N
topology

In pursuit of high power density and miniaturization, wireless
excitation systems are often subject to strict spatial constraints,
leading to strong magnetic coupling?4. Under such conditions,
higher-order harmonics become pronounced, limiting the accuracy
of simplified harmonic models. To maintain modeling fidelity, the
system is characterized using a time-domain, differential-equation
formulation.
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Equation (5) is the system KVL equation, Egs. (6) and (7) represent
the expressions for voltages u, and u,, respectively, and Eq. (8) is the
initial condition.

di di
M1=MCP+LP%+M§+R11.1
di di
wr = Ls 22 + M2 4 Ryi
dt dt )
. ducp
11=CP ar
. 2 di] .
uy —Ryiy —ucp—(1-k )LPE = Np (uz — Raip)
Ue O<i<Z™
w
up = ) (6)
U g™
w w
T
Us+2Uqy 0<t< —
w
up = n o (7)
—-(Us+2Uq) —<t<—
w
. (T (2=
l|(0)=—11(—)=11(—)
w w
T 2n
o)
i2(0) = —ip > ll(w) ®)

ucy (0) = ~uc, (%) =uc, (22)

ir(0)=0

where, R, and R, denote the parasitic resistances on the primary and
secondary sides, respectively, and Uy denotes the diode forward-
voltage drop. By solving the differential equations, it is obtained that
the primary side current i; maintains a sinusoidal waveform through-
out the entire cycle. The secondary side current i, comprises two
components: a sinusoidal waveform i, ., and a triangular waveform
iy wi- The sinusoidal component exhibits 180° phase reversal relative to
i;- The expressions for currents i; and i, are derived as:

nU,Ls -0 0
= f—
" S uM?sing sin(wr—6) ©)
U, U, nU,
- Gin(wr-0)+ =% dc,0<t<n—
i= 2wM sin M 2wM w (10)
U, U, 3nU,
S Gn(wr—)— S de T T
2wM sin 6 2wM ~ w w

where, U’y is given by:

U, = Ve 2 \/Ell_rmg(R|n+ RyNp?)cosd an

Figure 4 illustrates the waveforms of voltages u; and u,, current i,
and the constituent components of current i), derived from their
respective mathematical expressions. The waveform analysis
demonstrates that:

The triangular component of the secondary current i, . is 90° out
of phase with the secondary voltage u, and therefore delivers no
active power to the load. A nonzero power angle 6 between u; and i,
arises because the resonant capacitor only partially compensates the
leakage inductance, leaving residual reactive power in the link. This
net inductive bias facilitates soft switching (ZVS) on the primary side.

Based on Eq. (10), and the principle of energy conservation21],
neglecting the diode voltage drop, the expression for the excitation
current can be derived as:

22 U,
If = —=i sipmscOSH = ———
f p 2_sinrms wMtan

(12)
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Fig. 4 Voltage and current waveforms of primary and secondary sides.

Meanwhile, the excitation current can also be expressed by the
value of I ;.
2V2M

3 - L_siUmSCOSQ (13)

From the above equation, it can be seen that the excitation
current can be estimated using the input voltage Uy and the power
angle 6, and it can also be estimated using the RMS value of the
primary current /; .. and the power angle 6.

Principle of the excitation current estimation
algorithm

The input voltage and primary current can be directly obtained
through sampling, while there are two methods available to obtain
the power angle 6.

The first method is the sampling method, which determines the
power angle 8 between u; and i; through Fourier decomposition of
the sampled signals. To ensure the accuracy of 6, a high sampling
rate is required, which imposes higher demands on device perfor-
mance and increases system costs.

The second method is the calculation method, which utilizes the
expression for the primary current i; that contains siné. The angle 6
can be obtained by sampling the RMS value of the transmitter-side
current /;_,. The calculation formula for @ is:

U, Ls
4 \/Eszllirms

In the formula, f represents the system operating frequency, with
the unit of Hertz (Hz). Based on the two excitation current estima-
tion equations and the methods to obtain the power angle 6, five
different excitation current estimation approaches can be derived,
with their detailed descriptions summarized in the Table 1.

Among the approaches, approach 3 calculates the power angle
by replacing the input voltage Uy with the average value of the
absolute values of the sampled voltage u;.

The estimated value derived from the estimation algorithm func-
tions as the actual excitation current. Through comparison with
the target value, the actual excitation current is regulated to track
the target value, thus realizing closed-loop control of the system.
According to the different estimation approaches, the overall

6 = arcsin

(14)

Table 1. Description of five estimation approaches.

Approach Methods to obtain Equation Sampling targets
Approach 1 Calculation method Eq. (13) Udch rms
Approach 2 Calculation method Eq.(12) Udch rms
Approach 3 Calculation method Eq. (13) [ur] 1h_yms
Approach 4 Sampling method Eq.(12) Uge uy iy
Approach 5 Sampling method Eq.(13) 1 vms Un iy
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Fig. 5 Control block diagram of wireless excitation system and the principle block diagram of five different estimation approaches. (a) Control block
diagram of wireless excitation system. (b) Principle block diagram of approach 1. (c) Principle block diagram of approach 2. (d) Principle block diagram of
approach 3. (e) Principle block diagram of approach 4. (f) Principle block diagram of approach 5.

control block diagram and the corresponding principal block
diagrams can be drawn as shown in the Fig. 5. The diagrams mainly
include three parts: the green part represents the calculation of the
power angle 6, the blue part represents the calculation of intermedi-
ate quantities, and the orange part represents the calculation of the

current /.
The values of k;, k,, ks, and k, satisfy:
Ls M
h=——— k=—
avare U Ls
(15)

242 1

ky = == ky= —

T wM

Simulation comparison of five excitation current
estimation approaches

To compare the performance of five different estimation approa-
ches, a circuit simulation model is built in PLECS for verification.
The specific parameter configurations are shown in Table 2.

Figure 6 shows the results of the phase angle 6 obtained by the
sampling method and calculation method under different sampl-
ing frequencies, where the sampling frequency of I; s in the
calculation method is equal to that of the sampling method. In the
figure, the black curve denotes the actual value of 6, the blue curve
represents the sampled value, and the red curve indicates the calcu-
lated value. Notably, as the sampling frequency varies, the sampled

Table 2. Parameters of S-N wireless excitation system.

Components Parameters Components Parameters
Uge 24V M 32.266 pH
f 80 kHz (% 438.74 nF
Lp 33.756 uH R¢ 43Q
Ls 42.09 uH L¢ 180 mH
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value exhibits significant fluctuations, whereas the calculated value
shows negligible variation and shows better agreement with the
actual value.

Interestingly, when the sampling frequencies are set to 400
and 800 kHz, the sampling method vyields identical phase angle
estimates. The time domain waveforms under the two sampling
frequencies are depicted in Fig. 7. Notably, these waveforms exhibit
obviously different characteristics under the respective sampling

60
[~ = Actual Value
—@— Calculated Value
50 L Sampled Value
(]
I
é') 40
S
30
- L L —8 a
20 1 1 1 1
1/80,000/3  1/80,000/5 1/80,000/10 1/80,000/20 1/80,000/50 0

Sample time/s

Fig. 6 The value of power angle # obtained by different methods.

2 A b A

u
y 1 yul

J—‘_*’.' J"_ > Jrlﬂﬁ*“ _IFIILﬁ
|

Fig. 7 Sampling waveforms of u; and i; at different sampling
frequencies. (a) 400 kHz (five times f). (b) 800 kHz (ten times f).
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Fig. 8 The value of cosf and tand obtained by different method. (a) The value of cosé obtained by different methods. (b) The value of tanf obtained by

different methods.

conditions, yet their FFT analysis results unveil a critical consistency:
despite the obvious difference in amplitude, the phase differences
under the two sampling frequencies remain perfectly consistent.
With the sampling frequency fixed at 800 kHz, Fig. 8 compares the
actual, calculated, and sampled values of the cosé and tand of the 6.
The significant error in the sampling method of 9 leads to substan-
tial deviations in both trigonometric functions. Meanwhile, the error
of cos@ is far smaller than that of tané; thus, using cosé for calcula-
tion is more reliable. The comparison between the estimated results
of the five approaches and the actual values is shown in Fig. 9. The
six color curves in the figure represent the estimated values of the
five estimation approaches and the actual value of the excitation
current respectively. It can be seen that approaches 1, 2, and 3
exhibit smaller errors relative to the actual value, and completely
overlap with the actual value, while approaches 4 and 5 show larger
discrepancies, primarily due to significant errors in the power angle

10 == Approach 1 (U, £, s, €0S0)
Approach 2 (Uge, I s, tand)
8 Approach 3 (ju, 1} e, cOSO)
o — -_— Approach 4 (Uy, u,, i, tanf)
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e |5 R E— —
S4r
Load variation R=64Q
-
0 I 1 | I
0.55 0.57 0.59 0.61 0.63 0.65

Time/s

Fig. 9 Estimation results of five different estimation approaches.
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Fig. 10 Comparison radar chart of five different estimation approaches.
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6 obtained by the sampling method. A load change occurs at 0.59 s,
with the excitation resistance R; shifting from 4.3 to 6.4 Q. After the
sudden load variation, both the actual excitation current and the
estimated values from the five approaches change accordingly.
Notably, the estimated values from approaches 1, 2, and 3 remain
close to the actual value, which demonstrates the load indepen-
dence of the estimation approach.

A performance comparison of five different estimation approa-
ches in various aspects is shown in Fig. 10. After comprehensive
evaluation, Approach 1 is chosen as the final estimation algorithm
scheme. It boasts the following advantages: only requiring sampl-
ing of Uy and Iy, featuring simple hardware implementation,
imposing a moderate computational burden, being well-suited for
real-time control, and maintaining stability during abrupt load
fluctuations.

Notably, the expression for U'y. also contains cos6. This motivates
an iterative design: use the previous-step value cosf,_;, to compute
U'4e then update cosf,, accordingly. Once the system converges,
cosf, = cosb,_y) yielding the final estimate. The corresponding
flowchart is shown in Fig. 11.

Sensitivity analysis of approach 1 with respect to
key parameters

When the coil parameters or the resonant-capacitor values devi-
ate from their nominal settings, the system becomes detuned. The
estimation algorithm’s performance under such detuned conditions
must also be evaluated.

Calculation of the Excitation Current /¢

l Initialize cosd =1, n=1 ‘
4—

l Sample Uy, and 7} s ‘

l Calculate U}, ‘

l Calculate cos,0 ‘

l Calculate /) ‘

)_

Fig. 11 Block diagram of excitation-current calculation.

l n=n+1
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Fig. 12 Estimation error under different parameter-normalization variations (0.90-1.10). (a) Self-inductance L, and Ls. (b) Resonant capacitance Cp and
mutual inductance M. (c) Current and voltage sensor noise. (d) Operating frequency f.

As noted above, a comprehensive evaluation of the algorithm's
performance requires assessing its sensitivity to variations in key
parameters (Lp, Ls, and M) as well as sensor accuracy.

The corrected expression for the magnetizing-current estimation
is given by:

2V2 M U, L
Ir= i—ll 1ms COS arcsin — 2> (16)
n Lg - AN2FM2I) s

From the expression, it can be seen that the magnetizing-current
output is influenced by M, Ls, I; s Uge and the operating frequency
f. When Lp and Cp vary, the system’s resonance is disrupted, thereby
affecting the performance of the estimation algorithm. Accordingly,
the impact of variations in these parameters on the estimation
results must be assessed.

All variables were normalized to the base values listed in Table 1,
and the voltage and current measurements were likewise normal-
ized using their simulation-derived reference values. To emulate
detuning arising from parameter deviations, the normalization coef-
ficient a was swept from 0.90 to 1.10 in simulation, and the influ-
ence of sensor measurement noise on the estimation algorithm was
evaluated. The resulting estimation errors as functions of the param-
eters are presented in Fig. 12.

As shown in Fig. 12a, over a €[0.90,1.10] the estimation error
varies markedly more with L than with Lg, indicating higher sensitiv-
ity to Lp; when a €[0.96,1.06], the error does not exceed 5%. For the
resonant capacitor Cp (Fig. 12b), the estimation error remains below
4% across « € [0.90,1.10], reflecting low sensitivity to Cp. By contrast,
the error exhibits a larger spread with respect to the mutual induc-
tance M, though it can still be kept within 5% when a €[0.96,1.06].
Regarding sensor accuracy (Fig. 12c), the voltage-sensor error is no

Page 6 of 9

more than 3% for a €[0.90,1.10], whereas the current-sensor error
satisfies the 5% bound only within the narrower interval o €
[0.96,1.04]. This indicates that the algorithm is more sensitive to
current-measurement accuracy, while voltage-sensor specifications
may be moderately relaxed to reduce cost without compromising
overall performance. Finally, Fig. 12d shows that the error remains
within 5% for a € [0.94,1.10].

In summary, the estimation algorithm is highly sensitive to the
coupling-mechanism parameters and to current-sensor noise; never-
theless, when the normalization coefficient « €[0.95,1.05], the esti-
mation error remains within 5%. By contrast, the algorithm exhibits
low sensitivity to the resonant capacitor and to voltage-sensor
noise, resulting in only a minor impact on overall performance. In
practical deployments, the coupling mechanism is rigidly mounted
on the motor shaft, so its relative position is essentially fixed; the
magnetic core further mitigates external perturbations, rendering
the coupling parameters effectively constant during operation.
Moreover, datasheet specifications for typical current sensors gener-
ally report noise levels below 5%. Taken together, these findings
indicate that the proposed excitation-current estimation algorithm
achieves high-accuracy current prediction.

Experimental verification

Construction of the experimental platform

To verify the accuracy of the analysis on the characteristics of the
S-N resonant topology and the excitation current estimation
algorithm in the previous section, an experimental platform for the

Song et al. Wireless Power Transfer 2026, 13: e005
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S-N topology wireless excitation system was established, as shown
in Fig. 13. The parameters are the same as those in Table 2. The
platform consists of ten main components: rotary magnetic coupler,
EESM, current probe, voltage probe, DC power supply, the primary
circuit, DSP and emulator, upper computer, and oscilloscope. Specif-
ically, the primary circuit includes a buck converter, high-frequency
inverter, resonant capacitors, and sampling circuit. The control pro-
gram is uploaded from the upper computer to the DSP via the
emulator. By adjusting the target value of excitation current on the
upper computer, closed-loop control of the excitation current is
achieved.

Voltage, current, and ZVS soft-switching results
at the primary side

The experimental results demonstrate that the high-frequency
inverter output voltage u; exhibits a periodic square waveform,

EESM Rotary magnetic coupler DC power supply Oscilloscope
Y \ = —— \\\\\\\\x\yr

Primary Circuit DSP DSP Emulator Probe Upper Computer

Fig. 13 Experimental platform for the S-N compensated wireless
excitation system.
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Fig. 14 Waveform diagrams of voltage u;, current i; and the MOSFET
ZVS soft switching. (a) Waveform diagrams of voltage u; and current i;.
(b) Waveform of MOSFET ZVS soft switching.
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while the primary current i; presents a sinusoidal waveform, as
shown in Fig. 14a. Notably, a distinct phase difference (power angle
0) exists between u; and i;, which enables zero-voltage switching
(ZVS) operation of the MOSFETSs. Figure 14b shows the waveform of
MOSFET ZVS soft switching. Before the arrival of the driving signal
Ugs, the voltage upg has already dropped to zero, which reduces the
switching loss of the system.

Verification of the estimation algorithm and the
results of closed-loop control

To validate the accuracy of the current estimation algorithm, tests
were conducted by continuously adjusting the excitation current
target value and observing the corresponding variations in the
actual excitation current. Experimental results shown in Fig. 15
demonstrate that during the transition process where the excita-
tion current target value increases from 1A to 4A with a step size of
1A and then decreases from 4A to 1A with a step size of 1A, the
actual excitation current can effectively track the changes of the
target value.

Further analysis was performed by calculating the steady-state
mean values of the excitation current under different target values,
with the quantitative results presented in Table 3. The data indicate
that the excitation current estimation algorithm achieves satisfac-
tory accuracy across various target values, with a maximum estima-
tion error of 2.4%. Notably, the estimation error becomes more
pronounced at lower setpoints, which can be attributed to the
current magnitude falling outside the optimal measurement range
of the Hall current sensor, resulting in relatively larger measurement
errors under these operating conditions.

Conclusions

This paper presents a comprehensive solution for excitation
current estimation in strongly coupled wireless excitation systems
based on the S-N resonant topology. It reveals the calculation princi-
ple of excitation current under the S-N topology: the excitation
current is determined through the input voltage of the

50A

Acutal value 45A
T—» A -—Z 40A
v o

354
N p—— o 30A
254

A 20A

15A

— Aore—1.0A

500 mA

" Is 2s 3s 4s S5s 6s 7s 8s 9s 10s 1ls 0A

Fig. 15 The waveform of actual excitation current vs target value
variation.

Table 3. Error analysis of the current estimation algorithm.

Target value Steady-state mean value Error

1A 0.976 A 2.4%

2A 2.008 A 0.4%

3A 3.004 A 0.13%

4 A 4.006 A 0.15%
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high-frequency inverter Uy, the RMS value of the primary current
I yms @and the power angle 6. The calculation can be performed
using either tand or cos#, while the 0 can be obtained through two
methods: a calculation method and a sampling method. Based on
these different calculation equations and power angle acquisition
methods, five distinct estimation approaches are derived.

Simulations were conducted to compare the performance of the
five approaches, including the accuracy and reliability of calcula-
tions using cosf and tand, the accuracy of power angles obtained
through the calculation method and sampling method, and the esti-
mation accuracy of the five distinct approaches. Through these
comparisons, approach 1 (Uye, I ms and cosé) was shown to over-
come the limitations of traditional methods, eliminate the need for
high-frequency phase detection, and exhibit higher precision,
simpler implementation, and stronger load robustness. Sensitivity
analysis of approach 1 indicates greater sensitivity to L, and M, with
relative insensitivity to C, and voltage-sensor noise; corresponding
parameter-tolerance and sensor-selection guidelines are provided.
Finally, an experimental platform was constructed for verification.
The proposed approach achieves accurate current estimation with a
maximum error of only 2.4%.
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