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Compact Design of PCB-Based Planar Capacitive
Voltage Measurement System for WBG Devices

Yiyang Wei
Jiayu Hu'"”, Member, IEEE, Zhikang Shuai

Abstract—Compact and accurate online monitoring of the volt-
age switching characteristics of wide-bandgap devices is crucial for
the safe operation of power converters. The voltage measurement
system based on printed circuit board (PCB) planar capacitors
offers advantages in miniaturization, making it suitable for inte-
gration into converters. However, the front-end planar capacitive
voltage divider (PCVD) faces the problems of balancing integra-
tion level with measurement accuracy and insufficient gain in the
low-frequency band. To address these issues, this article proposes
a multiobjective optimization method for the PCVD and a pulse-
sampling compensation (PSC) method to suppress low-frequency
distortion. First, the performance difference in size between the
PCVD and traditional voltage dividers is compared, clearly demon-
strating the miniaturization advantages of the PCVD. Second,
the physical size model and measurement error models of the
PCVD are established to derive the Pareto front of multiobjective
optimization and guide PCVD parameter design. Third, a PSC
method is proposed to suppress low-frequency distortion based
on the analysis of the time-domain distortion characteristics of
the output voltage. Finally, a +2 kV PCB-based planar capacitive
voltage measurement system is developed. This system achieves
an upper bandwidth limit of 940 MHz and compact dimensions
of 48 mm X 35 mm, validating the effectiveness of the proposed
multiobjective optimization method. Furthermore, the effective-
ness of the PSC method is verified using a half-bridge converter
prototype integrated with the measurement system. Experimental
results demonstrate that the compensated output voltage exhibits
no significant distortion, and the maximum measurement error is
1.87%.

Index Terms—Planar capacitor, system size, voltage measure-
ment, wide-bandgap (WBG) device.

I. INTRODUCTION

IDE-BANDGAP (WBG) devices with superior elec-
‘ w trical and thermal performance have become enabling
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components for high-efficiency, high-power-density power elec-
tronic conversion systems, such as photovoltaic inverters [1],
electric vehicle drivetrains [2], and aircraft electric propulsion
systems [3]. Online monitoring of WBG device voltage switch-
ing characteristics is critical for voltage spike detection, aging
prediction, and junction temperature estimation [4], [5], [6], [7].
However, for high-power-density converters, online monitoring
of WBG devices poses significant challenges to the integration
level, galvanically isolated capability, and measurement band-
width [8] of the measurement system.

Currently, researchers have proposed various voltage-sensing
techniques, which are primarily classified into nonisolated and
isolated measurements. Among nonisolated measurements, Gar-
rido et al. [9] proposed a solution combining passive high-
impedance probes with traditional dividers to extend the mea-
surement range. However, the introduced voltage divider de-
creases the system integration level. A single-ended probe based
on printed circuit board (PCB) planar capacitors was proposed
in [10]. Utilizing the superior interlayer insulation of PCB,
this probe demonstrates a significant size advantage over con-
ventional solutions. Nevertheless, its bandwidth is limited to
206 MHz due to transmission line parasitic inductance, and
there is a problem of insufficient gain in the low-frequency
band. Furthermore, nonisolated measurement requires shared
reference potentials between the measurement system and the
measured signal. Simultaneous measurements of signals with
disparate reference potentials cause ground conflicts, creating
short-circuit risks. These factors limit nonisolated techniques in
WBG device voltage sensing applications.

For isolated measurements, Niklaus et al. [11] proposed a
digital optical isolation measurement system. The addition of
common-mode chokes and an auxiliary charging circuit at the
analog front-end enabled this system to achieve acommon-mode
rejection ratio (CMRR) exceeding 100 dB within a frequency
range of 100 MHz. However, limited by the sampling rate of
the analog-to-digital converter (ADC), the system bandwidth
merely reached 130 MHz. The authors in [12] and [13], respec-
tively, employed digital isolation chips and wireless transmis-
sion technology to achieve galvanic isolation. However, both
systems are also constrained by insufficient sampling rates of
the ADCs. As a result, the system bandwidth in [12] only
reaches 1 MHz, and the data transmission rate of the system
in [13] is limited. Moreover, the introduction of the digital
control unit decreased the integration level of the measurement
system. In [14], a high-voltage differential probe achieving
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Fig. 1. (a) Traditional differential measurement system. (b) PCB-based planar
capacitive voltage measurement system.

0.2% frequency-response flatness below 2 MHz was developed
through the integration of frequency-response correction cir-
cuits. However, the introduced low-pass filter limited the system
bandwidth to 20 MHz. Wang et al. [15] proposed a transmission
line voltage divider (TLVD) achieving GHz-level bandwidth,
which effectively suppressed bandwidth limitations caused by
multilayer ceramic capacitors (MLCCs) parasitic effects and
PCB coupling effects by substituting MLCCs with metal par-
allel plates. However, since the metal parallel plates exhibit a
significantly larger size than MLCCs, this leads to a decrease in
the integration level of the voltage divider.

The abovementioned analysis indicates that current research
primarily focuses on the galvanically isolated capability and
bandwidth performance of measurement systems, while the
assessment of their physical size has received relatively less at-
tention, thereby constraining the development of compact mea-
surement systems. Among various isolation techniques, wireless
transmission and digital isolation technologies require high-
performance ADCs and field-programmable gate arrays (FP-
GAs) to achieve high-speed digital signal transmission, which
significantly increases the power consumption and cost of the
measurement system. In contrast, the differential measurement
technique with floating measurement capability demonstrates
higher economic efficiency and lower complexity. However,
the front-end of differential measurement systems commonly
employs a traditional voltage divider structure, as illustrated in
Fig. 1(a). This structure incorporates numerous passive com-
ponents, limiting the system integration level. Therefore, this
article modifies the planar capacitive voltage divider (PCVD)
in [10] from single-ended to a differential configuration, as
illustrated in Fig. 1(b). To address the challenges of balanc-
ing physical size with measurement accuracy and mitigating
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low-frequency distortion in the PCVD, this article makes the
following contributions.

1) A multiobjective optimization method for the PCVD that
systematically resolves the trade-offs between physical
size and measurement accuracy.

2) A pulse-sampling compensation (PSC) method to effec-
tively suppress output voltage waveform distortion caused
by insufficient low-frequency gain in the PCVD.

The remainder of this article is structured as follows. Section II
provides a comparative analysis of the factors influencing the
sizes of the traditional voltage divider and the PCVD, clearly
demonstrating the miniaturization advantages of the PCVD.
Section III first establishes the physical size model and mea-
surement error models of the PCVD to derive the feasible perfor-
mance space and the Pareto front of multiobjective optimization.
Subsequently, a solution with a relatively high marginal rate of
return is selected from the Pareto front to guide the parameter
design of the PCVD. Section IV introduces the PSC method
to suppress low-frequency distortion, based on the analysis of
the time-domain distortion characteristics of the output voltage.
Section V experimentally validates both the compact size and the
wide bandwidth of the developed measurement system. Addi-
tionally, the effectiveness of the PSC method is validated using a
half-bridge converter prototype integrated with the measurement
system. Finally, Section VI concludes this article.

II. TRANSMISSION CHARACTERISTICS AND INTEGRATION
ADVANTAGES OF PCVD

The differential measurement system comprises three core
components: the voltage divider, the buffers, and the differential
amplifier, as illustrated in Fig. 1. Among these components, the
buffers performing impedance matching and the differential am-
plifier performing differential-to-single-ended signal conversion
both can employ high-speed operational amplifiers with compact
packaging and bandwidth exceeding the system target band-
width to attain satisfactory performance. The voltage divider, in
addition to providing precise attenuation of the measured signal,
must also withstand high voltage, resulting in it occupying a
large proportion of the system size. This section compares the
performance differences in size between the PCVD and the
traditional voltage divider to demonstrate the advantages of the
PCVD in miniaturization.

A. Limitation in Traditional Voltage Divider Integration

The traditional differential voltage divider is composed of 2N
identical resistance-capacitance (RC) units Z; and two identical
RC units Z,,, connected in series, as illustrated in Fig. 1(a).
The resistance network attenuates primarily low-frequency sig-
nals, while the capacitance network attenuates primarily high-
frequency signals. To increase the bandwidth of the voltage
divider, surface-mounted devices with low parasitic parameters
are typically selected for the RC components [9]. Furthermore,
a highly symmetrical layout enables precise matching of the
impedance and frequency response between the signal ground
and the two input ports, thus enhancing the CMRR. Therefore,
the typical layout diagram of the traditional voltage divider is
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Fig. 2. Typical layout diagram of the traditional voltage divider.
10*
L] VCap,rated
®
; L VRes,mted L
G 10°
£ o s
S o
B 10
EZ VRC,rated
10!
0201 0402 0603 0805 1206 1812
Footprint
Fig. 3. Rated voltages of surface-mounted RC components.

illustrated in Fig. 2. The following are explanations for this
figure.

1) Lpp and Wpp denote the length and width of the RC
component footprint, respectively. AL and AW denote
the length and width intervals between footprints, respec-
tively.

2) The closer to the input port, the larger the voltage dif-
ference between the two symmetrically arranged Z;. To
enhance the creepage distance, an isolation slot of width
Wit 1s incorporated between paired Z;.

3) Since the unit Z,,, withstands only signal-level voltages
(within £5 V), small-sized packages (e.g., 0402 footprint)
satisfy its voltage-withstand requirements. Conversely, the
series-connected Z; must withstand the majority of the in-
put voltage. To minimize the number of series units while
satisfying the voltage-withstand constraint, Z; typically
operates near its rated voltage. Fig. 3 presents the rated
voltages of different surface-mounted RC components,
which exceed the signal-level voltages.

4) To decrease the load effect of the voltage divider on
the device under test (DUT) and the influence of the
parasitic capacitance in resistors, the typical value of the
capacitor C; is several picofarads [16]. The capacitance
value of C,, (typically in the hundreds of picofarads)
is substantially greater than that of C; to ensure that
the voltage across Z; is much higher than that across
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Fig. 4. Physical sizes of the traditional voltage divider.

Z,. However, high-capacitance capacitors exhibit lower
self-resonant frequencies, which can limit the bandwidth
of the voltage divider [15]. Therefore, C,, is typically
implemented through parallel combinations of multiple
low-capacitance MLCCs, enhancing the equivalent self-
resonant frequency. As illustrated in Fig. 2, this example
employs a four-capacitor parallel configuration. The total
voltage divider size (Sq,vp) is determined by the size of
Z; (Sz), the size of Z,,, (Sz,,), and the size of the isolation
slot (Ssiot), expressed as follows:

Sta,vp = Szi + Szm + Ssiot
= (Numpg; + Numc;) - (Lpp+AL)-(Wpp+AW)
+ (Numpm+Numen,) - (Lpp,oaoz + AL)
- (Wgp o102 + AW)

Numpg;
5 (Lep + AL) Wiy (1)
Nump; = Numg; = ceil (%)

NumRm = l,NumCm =4
VRC,rated = min[maX(VRes,rthed)a maX(VCap,rated)]

(€3]

where Num g;, Num ¢;, Num gy, and Num ¢, denote the quan-
tities of R;, C;, Ry, and C,,, respectively. Vr is the voltage
measurement range, K is the safety voltage margin coefficient,
and ceil is the ceiling function. Lrp o402 and Wrp g402 are the
length and width of the 0402 footprint, respectively. Vres, rated
and Vcap rateq are the rated voltage values of the resistor and
capacitor, respectively. Considering that the drain-source volt-
age of current mainstream WBG devices reaches 1.7 kV, the
voltage measurement range V) is set to £2 kV. For a safety
voltage margin coefficient K = 1.5, slot width Wg;,; = 5 mm,
and footprint intervals AL = AW = 1 mm, Fig. 4 shows the sizes
of the traditional voltage divider for different footprints. It can
be seen that in the high-voltage WBG applications, constrained
by the relatively low rated voltages of surface-mounted com-
ponents, the voltage divider needs to be assembled by multiple
components connected in series. Additionally, sufficient creep-
age distance must be maintained between components. These
factors collectively result in a large physical size (exceeding
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Fig. 5. (a) PCVD circuit. (b) Schematic diagram of a planar capacitor.
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Fig. 6. Schematic diagram of the frequency response curve of the PCVD.

695 mm?), posing significant integration challenges for mea-
surement systems.

B. Transmission Characteristics and Size Influencing Factors
of the PCVD

By removing the 2N surface-mounted resistors R; that with-
stand high voltage in the traditional voltage divider and replacing
the corresponding surface-mounted capacitors C; with a pair of
PCB planar capacitors Cp,, the PCVD is formed, as illustrated
in Fig. 5. Neglecting component parasitic parameters, the trans-
fer function Gpcoyp(s) from the output terminal to the input
terminal of the PCVD can be expressed as follows:

Vo($) sRy,Cp

GPCVD(S) = Uin(s) = SRm(Cp +Cm) + 1 (3)

There exists a cut-off frequency f51 for Gpcyp(s), which is
expressed as follows:

1
fm

T 27R(Cp+ C)

Therefore, the transmission characteristics of the PCVD are
divided into three regions: the low-frequency distortion region,
the high-frequency distortion region, and the working region.
The Bode diagram of the PCVD is illustrated in Fig. 6.

1) Low-frequency distortion region (the signal frequency f <
fB1)- In this region, the impedance of C,, is greater than
that of R,,. The PCVD can be approximately equivalent
to a series circuit of R,,, and C,,, and (3) can be simplified

“)

7669

to (5). The gain |G povp(s)| is directly proportional to the

frequency. This implies that the gain of the PCVD exhibits

frequency dependence.

Gpcvp(s) = sR,Cp, (f < fB1). Q)

2) High-frequency distortion region (f > fp2). In this re-
gion, the signal frequency f approaches or exceeds the
capacitor’s self-resonant frequency, causing the capacitor
to no longer exhibit ideal capacitive impedance behavior.
This results in a change in the gain of the PCVD. Here,
fB2 is defined as the frequency corresponding to a gain
attenuation of —3 dB caused by the change in capacitor
characteristics.

3) Working region (fp1 < f < fp2). In this region, the
impedance of C,, is less than that of R,,,. The PCVD can
be approximately equivalent to the series circuit of C,,
and C,, and (3) can be simplified to (6). The amplitude of
Gpcovp(s)isequal to the reciprocal of the attenuation ratio
M. This implies that the gain of the PCVD is independent
of frequency. The frequency range covered by this region
is the measurement bandwidth of the PCVD. To accurately
capture the switching characteristics of WBG devices, the
lower cut-off frequency fz1 should be much lower than the
switching frequency of the device, while the upper cut-off
frequency f52 should be much higher than that switching
frequency.

oG 1
o+ Cy M(fBl<f<fB2)- (6)

Gpcvp(s)

In terms of physical size, the PCVD exhibits obvious ad-
vantages compared to the traditional voltage divider. On one
hand, owing to the outstanding insulating properties of the
PCB interlayer dielectric, the planar capacitor C,, can withstand
voltages up to tens of thousands of volts. Consequently, C,, can
withstand the rated operating voltage of WBG devices without
series connections. Moreover, embedding the capacitor plates
within PCB inner layers can effectively reduce the required
insulation distance from adjacent components. On the other
hand, removing resistors R; eliminates the constraint imposed
by resistor parasitic capacitance on the minimum capacitance
of C), [16], enabling C), to be designed with substantially lower
capacitance than C;. Since the capacitor plate size is positively
correlated with the capacitance, reducing the capacitance of C,,
directly contributes to reducing the PCVD size. Theoretically,
as the capacitance of C,, approaches zero, the plate size also
approaches zero. In this case, the PCVD size is dominated by
units Z,,,, which occupy 35 mm?, as illustrated in Fig. 4.

In conclusion, compared to the traditional voltage divider
(with the smallest size of 695 mm?), the PCVD that replaces
the Z; units with PCB planar capacitors exhibits a significant
advantage in physical size. However, existing designs have not
systematically evaluated trade-offs among the physical size,
measurement bandwidth, and measurement accuracy of the
PCVD. To address this shortcoming, the next section proposes
a multiobjective optimization method for the PCVD.
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III. OPTIMIZATION METHOD OF PCVD PARAMETERS

The PCVD measurement error is composed of three factors:
the capacitance deviation of the planar capacitor, the input
offset error of the buffers, and the low-frequency distortion
compensation error. To maximize the PCVD integration level, it
is essential to minimize the physical size of the planar capacitor
C, as much as possible. However, this reduction mainly leads
to an increase in the capacitance value deviation component of
the measurement error. To resolve the conflicting requirements
(size vs accuracy), this section proposes a multiobjective opti-
mization method. By establishing the physical size model and
error models of the PCVD, the feasible performance space and
the Pareto front of multiobjective optimization can be obtained.
Subsequently, a solution with a relatively high marginal rate of
return is selected from the Pareto front to guide the parameter
design of the PCVD.

A. Objective Functions and Constraints

The planar capacitor employs circular plates to mitigate the
edge field concentration effect. Its physical structure parameters
are defined in Fig. 7. Taking the plate radius r as the design
variable, the optimization objectives are to minimize the relative
measurement error v;,.....(r) and the physical size Spoyp(r).
This optimization is subject to two crucial constraints. First,
any design with a relative measurement error exceeding 5% is
deemed invalid as it does not meet the accuracy requirements of
the system. Second, the system bandwidth must be greater than
500 MHz to accurately measure the switching characteristics
of WBG devices [17]. Overall, the multiobjective optimization
problem of the PCVD can be expressed as follows:

min F (1) = [v},.0.(1), Spcvp(r)]

sot. vl (1) < 5%;

error

BWpevp > 500 MHz (7)

where F(r) denotes the objective vector. From the analysis in
Section II, it can be known that the upper limit of the PCVD
bandwidth is determined by the lowest resonant frequency of
the planar capacitor C,, and the capacitor C,,. The resonant
frequency of C,, can be obtained from its datasheet. For C,,, ac-
curate modeling of its parasitic inductance is challenging. Thus,
its resonant frequency needs to be extracted by the finite-element
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method (FEM). It should be noted that the parasitic inductances
of plate lead-out wires L; and Ly are incorporated into the total
parasitic inductance of C,,.

B. Model Construction

1) Model of Relative Measurement Error: Capacitance de-
viation: considering the edge effect, the capacitance value of a
circular planar capacitor can be approximated as follows [18]:

167r
o1 —1 8
+ co&,r <n 7 > (8)

€0, T2

Cp(r) = H

where g denotes the vacuum permittivity, €,- denotes the relative
permittivity of the PCB dielectric, and H denotes the distance
between the plates. To reduce the capacitance of C,, (thereby
increasing the self-resonant frequency), H is set to the maximum
value allowed between the inner layers of the PCB. Moreover,
with the attenuation ratio M remaining unchanged, reducing the
capacitance of C, simultaneously decreases the capacitance of
Cp.

The capacitance deviation AC,, caused by the wire-diameter
tolerance (A/ = 0.01 mm) in the PCB manufacturing process
can be expressed as follows:

ACy(r) = Cp(r + Al) — Cp(r)

. A
_ S0ET (9r AL+ AL2) + speyrin 2

H

NS (m ©)

167 (r + Al) 1>

Then, the relative measurement error v} caused by the ca-
pacitance deviation of the planar capacitor can be expressed as
follows:

* _ MCy(r) + MAC,(r)
veel") = 3G, (1) + ACy (r)

Offset error: the input terminals of an operational amplifier
generally connect to the base of a bipolar junction transistor
(BJT) or the gate of a field effect transistor (FET). The base
current of BJT and the gate leakage current of FET are collec-
tively termed input bias current ip, as illustrated in Fig. 8(a).
When this current flows through resistor R,,, a voltage drop vp
is generated, which can be expressed as follows:

-1

(10)

an

Transistor manufacturing tolerances cause input bias current
mismatch between buffers. The relative measurement error v,
caused by the bias current mismatch can be expressed as follows:

ip1 —ip2) R M
vl = ( ) B (12)

Vin

vp = iBRm.

where v;, denotes the input voltage. To evaluate the maximum
possible error, the bias currents i1 and igo are, respectively,
set to their maximum and minimum values. Additionally, the
mismatch of the base-emitter voltage of BJT or the threshold
voltage of FET results in a voltage difference between the two
input terminals of a buffer. The voltage difference is defined
as input offset voltage vpg, as illustrated in Fig. 8(b). The
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Fig. 8. (a) Equivalent circuit of buffer input bias current. (b) Equivalent circuit
of buffer input offset voltage.

relative measurement error v}, caused by the offset voltage can
be expressed as follows:

v -0 M
vt = (vos1 —vos2) M (13)

Vin

Similarly, offset voltages vpog1 and vpgo are, respectively,
set to their maximum and minimum values to evaluate the
maximum possible error. As indicated in (12) and (13), reducing
M can decrease the offset error caused by the buffers. However,
this leads to an increase in the amplitude of the PCVD output
signal. High-speed operational amplifiers typically operate with
apower supply of £5 V. Itis necessary to ensure that the dynamic
range of signals remains within the linear operating region of
the amplifier. Considering these factors, it is appropriate to
set the attenuation ratio M at 500 for the PCVD with a +2
kV measurement range. Furthermore, the adoption of precision
high-speed operational amplifiers can further reduce the offset
error. Single-channel operational amplifiers from TI that are
unity-gain stable and feature a bandwidth greater than 1 GHz
were screened, and their key parameters are listed in Table I.
Based on the PCVD transmission characteristics described in
Section II, the lower cut-off frequency fp1 = 1/27MR,,C,
should be significantly lower than the switching frequency.
Therefore, for the capacitance of C,, on the order of picofarads,
the resistance of R, should be in the megohm range. When the
resistance of R, is 1 M€, abias current of merely 1 ©A can cause
an error of 1V, which is unacceptable. Therefore, the OPA859
with low bias current (x5 pA) and low offset voltage (5 mV)
was selected as the buffer.

Low-frequency distortion compensation error: the relative
compensation error v;, from the PSC method proposed in
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TABLE I
KEY PARAMETERS OF HIGH-SPEED OPERATIONAL AMPLIFIERS FROM TI

Model Bandwidth Max i Max vos
OPA859 [19] 1.8 GHz 5pA S5mV
OPAS856 1.1 GHz 20 pA 1.5mV
OPA693 1.4 GHz 54 pA 2.5mV
OPA694 1.5GHz 38 uA 4.1 mV
OPA695 1.7 GHz 70 pA 4mV
BUF602 1 GHz 8.5UA 38mV
BUF802 3.1 GHz 220 pA 900 mV
LMH6702 1.7 GHz 34 pA 6 mV
LMH6703 1.8 GHz 44 pA 9mV
LMH6559 1.75 GHz 14 pA 25 mV
THS4211 1 GHz 8 LA 14 mV
THS4215 1 GHz 8 LA 14 mV
THS4271 1.4 GHz 18 pA 12mV
THS4275 1.4 GHz 8 LA 12mV
THS4304 1 GHz 20 pA 6 mV
Section IV can be expressed as follows:
1
— 2fsw Rm MCp(r
oy () = (14)

2

where f,, denotes the switching frequency. The detailed deriva-
tion and explanation of this expression will be presented in
Section IV. As can be inferred from (14), the relative compen-
sation error v, is negatively correlated with the switching fre-
quency fs,,. To evaluate the maximum possible error, this article
chooses the lower limit of the switching frequency commonly
employed in practical applications of SiC MOSFETS (fs,, = 20
kHz) as the analysis case [20]. Furthermore, the compensation
error vzp is negatively correlated with R,,,. However, (12) shows
that the error v, caused by bias currents is positively correlated
with R,,. By differentiating the sum of the two errors, (15) can be
obtained. The sum of the errors first decreases and then increases
over R,,, €(0, +0). Therefore, there exists an optimal value R,,,o
that minimizes the sum of the errors. This value can be obtained
by numerical methods.

d”.; + U:p e 2R3;f11»‘1)cp
dR.,

_ (ip1 —ip2a)M

TSIU
2R2 MC),’
(15)

Vin 2

In summary, the total relative measurement error v7,.....(7)
can be expressed as follows:

U;rror(r) = Uzc(r) + v:i + ’U;} + va(r)' (16)

2) Model of Physical Size: To enhance the noise immunity of
planar capacitors, shielding layers are added to the outside of the
plates and interconnected through vias [10]. Since the plates are
positioned in the PCB inner layers, a safety insulation distance d
= 1 mm between plate edges and shielding vias is sufficient, as
shown in Fig. 7. Fig. 9 shows the layout diagram of the PCVD,
where D denotes the horizontal distance between the two planar
capacitors. Since the shielding vias at the plate edges are at
the same potential, D is set to 1 mm in this design. Similar
to traditional divider modeling, the capacitor C,, comprises
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four MLCCs in parallel. Therefore, the PCVD size (Spcovp)
is determined by the size of the planar capacitors (S¢)), and
the size of the units Z,, (Sz,), expressed as (17). It should be
noted that the geometric dimensions of the planar capacitor are
calculated using a square that is tangent to the plate edge, since
the part outside the ring within the square is an invalid region
and cannot be employed for component layout.

Spcvp = Scp + Szm
= [4(r+d)+ D] -2(r +d)
+ (Numpm, + Numem,) - (Lpp oaoe + AL)
- (Wgp 0402 + AW). (17

C. Performance Space

Fig. 10 illustrates the flowchart for the parameter design

optimization of the PCVD, with its execution steps as follows.

1) Define the system specifications (input and output voltage
ranges), constraint conditions (lower bandwidth limit and
upper error limit), and the design variable (plate radius r).

2) Perform a parametric sweep of the plate radius r over the
range of 0—10 mm with a step size of 0.01 mm to ensure
calculation accuracy.

3) Substitute the swept value into the two objective func-
tions (16) and (17) to compute their values, and evaluate
whether the corresponding design scheme meets the con-
straints.

4) Output the schemes that satisfy the constraints. For those
that do not, adjust the value of the radius r and repeat the
objective function calculation and constraint evaluation.

The results of the parametric sweep are illustrated in

Fig. 11(a): the total relative measurement error v}, .(r) ex-
hibits a negative correlation with », whereas the physical size
Spcvp(r) shows a positive correlation with r. This implies that
adjusting the value of r cannot simultaneously achieve the dual
objectives of “minimizing v}, (r) and Spcyp(r).” In other
words, each value of r corresponds to a Pareto optimal solution.
The set of objective vectors F(r) corresponding to all optimal
solutions that meet the constraint conditions forms the Pareto
front, as illustrated in Fig. 11(b).

In multiobjective optimization problems, the knee point on

the Pareto front is generally considered to be the point at which
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Fig. 10. Flowchart of the PCVD parameter design optimization.

the marginal rate of return is maximized. This article adopts the
knee point definition and identification method proposed in [21],
with the specific steps as follows:

First, identify the two extreme points on the Pareto front:
Extreme Point 1 (corresponding to the maximum measurement
error) and Extreme Point 2 (corresponding to the minimum
measurement bandwidth). Second, connect these two extreme
points to form an extreme line, which can be expressed as
follows:

y—kr—>b6=0 (18)

where x, y, k, and b denote the physical size, relative measure-
ment error, slope of the extreme line, and intercept of the line,
respectively. Ultimately, the vertical distances from each point
on the Pareto front to this extreme line are calculated using the
following equation:

lyi — kx; — b
V1+ k2

where x;, y;, and d; denote the physical size, relative mea-
surement error, and vertical distance to the extreme line of

di = 19)
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Fig. 11.  (a) Relationship curve between the design variable (plate radius r)
and the objective functions [relative measurement error v7,.,..,- () and physical
size Spcvp(r)]. (b) Feasible performance space of the PCVD.

TABLE I
PHYSICAL STRUCTURE PARAMETERS OF THE PLANAR CAPACITOR

Parameters Value
Number of layers 6
Relative permittivity (g,) 4.6
Loss tangent (tand) 0.018
Board thickness (T) 1.92 mm
Plate radius () 2 mm
Plate spacing (H) 1.36 mm

Lead-out wire length (L1)
Lead-out wire length (L)
Via-to-edge distance(d)

10 mm (Width: 0.762 mm)
2 mm (Width: 0.762 mm)
I mm

the ith point on the Pareto front, respectively. The point with
the maximum distance to the extreme line is identified as the
knee point, which is marked by a yellow circle in Fig. 11(b)
for clarity. At this knee point, the plate radius » = 2.14 mm,
the relative measurement v¥,......(r) = 1.11%, and the physical
size Spoyp(r) = 115 mm?. Under the premise of ensuring
no significant impact on the overall system performance and
considering the convenience of engineering design, this article
selects the design scheme with a radius » = 2 mm (near the
knee point) to guide the PCVD design. The corresponding
objective function values are v},.,.,,.(r) = 1.16% and S pcvp(r)
= 108 mm?. Based on this design scheme, the physical structure
parameters of the planar capacitor are listed in Table II, and the
component parameters and core characteristic parameters of the
PCVD are summarized in Table III. It can be seen from Table IIT

that the resonant frequency of the planar capacitor Cp, is 2.4
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TABLE III
COMPONENT PARAMETERS AND CHARACTERISTIC PARAMETERS OF THE PCVD

Parameters Value
Capacitance 0.316 pF
c:;zrc‘ftgr ESL 13.77 nH
() ESR 19.18 mQ
r Resonant frequency 2.4 GHz
156 pF=(4x39pF)
Capacitor Capacitance CGA2B2C0G1H390J05
(Cn) 0BA (TDK) [22]
Resonant frequency 1 GHz
Resistor (R,) 130 MQ
Buf Bias current (ip) +5 pA
OPAB859  Offset voltage (vos) +5 mV
Attenuation ratio (M) 500:1
Cut-off frequency (f31) 7.8 Hz
Relative error (v,,,,,) 1.16%
Physical size (Spcyp) 108 mm?

GHz, while that of the capacitor C,,, is 1 GHz. Therefore, the
upper bandwidth limit of the measurement system is constrained
to within 1 GHz.

IV. LOW-FREQUENCY DISTORTION PSC METHOD

Compared with the traditional voltage divider, the PCVD
that substitutes the RC units Z; with PCB planar capacitors
shows significant advantages in terms of physical size. However,
removing the resistor R; also results in low-frequency gain
droop, as illustrated in Fig. 6. This section first analyzes the
time-domain characteristics of the WBG device’s drain-source
voltage after passing through the PCVD. Based on this analysis,
aPSC method is proposed, which can effectively suppress distor-
tion under both Pulse Width Modulation (PWM) and Sinusoidal
Pulse Width Modulation (SPWM) strategies and exhibits univer-
sality. Finally, the physical size of the introduced components
and the compensation error of this method are analyzed.

A. Analysis of Low-Frequency Distortion Characteristics

As the focus of this section is to analyze the impact of
the PCVD on low-frequency components of the drain-source
voltage v 4, the switching transient process and high-frequency
ringing are neglected. An ideal switching waveform is adopted
to substitute for the actual drain-source voltage waveform [22].
For the power device operating under the PWM strategy, its
drain-source voltage waveform is substituted with an ideal PWM
waveform, as illustrated in Fig. 12(a). Fourier analysis reveals
that the PWM wave contains a dc component and carrier har-
monic components, as illustrated in Fig. 12(b). The dc compo-
nent located in the low-frequency distortion region is defined as
the low-frequency component vg4,1, 7, 7(#). It can be expressed as
follows:

vas1,.r(t) = (1 — d)vpe (20)
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Fig. 12.  (a) PWM wave and (b) its spectrum. (c) SPWM wave and (d) its

spectrum.

where v, and d denote the dc-link voltage and the on-state
duty cycle, respectively. When the input is the low-frequency
component V1, ,r(t), the s-domain expression v, 1, 1, #(s) of the
PCVD output voltage is

( )’l}DcR C
5B (Cp + Co) +

Vo1, L (8) =vas1,LF(s) - Gpevp(s) =
(21)

By performing the inverse Laplace transform on v,1, 1, r(s),
the time-domain expression v,i,rp(f) is obtained. It can be
expressed as follows:

(1 — d)UDC
M

where M denotes the attenuation ratio. It can be known from
(22) that after the low-frequency component is attenuated by a
factor of M, its value still decreases exponentially with time and
finally approaches zero. The distortion amount Av,; 1,g(f) can
be expressed as follows:

(1 — d)’UDC
M

Next, an analysis is conducted on the time-domain character-
istics of the PCVD output voltage when the input is the PWM

ot
Uol,LF(t) = .e Em(CptCm) (22)

(1 — & FmGrom ).

Avor,Lr(t) = (23)
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wave. The s-domain expression v 4,1 (s) of the PWM wave is
e Tsws _ o=Tsws 1

S ]_ — e*Tst

where T, denotes the switching period. Then, the s-domain

expression v,1(s) of the PCVD output voltage is

vas1(s) = vpc - (24)

Vo1(8) = vas1(s) - Gpovp(s)
_ edTsws _o-Tsws vpcRmCy
"SRy (CptChn)+1

(25)

l—e Tsws

Applying the inverse Laplace transform to (25) yields the
time-domain output voltage v,1(7), which can be expressed as
follows:

UDC Z
Uol = (5

e(t — dTsy) Afe*iagﬁﬁkﬁfaj ce(t

_ t—dTsw
* [e Rm (Cp+Cm) .

- Tsw )]
(26)

where 0(t-nTsy), (t-dTsy), and e(t-Ts,), respectively, denote
the unit impulse function with a delay of nTy,, the unit step
function with a delay of dT,,, and the unit step function with a
delay of T,,. The symbol “x” denotes convolution. The output
voltage is divided into two components: the on-state voltage v, 1,
on(?) and the off-state voltage v, 1, og(¢). Then the output voltage
during the kth switching period is

dTsw Tsw
UDpC e Bm(Cp+Cm) — e Rm(Cp+Cm)
vol,on(t) - M . —
1— e Em (Cp+Cm)
t—kTsw
. (e Rm(0p+cm) —e Rm(cp+cm)) (27)
VpC _ t=(ktd)Tsw
vol,off(t) = Uoutl,on(t) + — e BEm(CptCm) (28)

M

Since the cut-off frequency fp1 = 1/27R,,(C,+Cy,) of the
PCVD is much lower than the switching frequency f;,,, the on-
state voltage v,1, o, (#) can be simplified as follows:

(1 — d)ch
M

~ — Avol,LF(t)~

From (29), it can be seen that the on-state voltage v,1, on(f) is
approximately equal to the negative of the low-frequency distor-
tion amount Av, 1 1,#(f). This provides a theoretical foundation
for low-frequency distortion compensation.

For the power device operating under the SPWM strategy,
its drain-source voltage waveform is substituted with an ideal
SPWM waveform, as illustrated in Fig. 12(c). The expression
d(t) for the on-state duty cycle is

d(t) = 0.5 + msin(wt)

Uol,on (t) ~

t
. (67 Rm (Cp+Cm) — ]_)

(29)

(30)

where m and w,, respectively, denote the amplitude and angular
frequency of the fundamental component in the modulated wave.

Double Fourier analysis of the SPWM wave reveals that it
contains a dc component, a fundamental component, carrier
harmonic components, and groups of sideband harmonic com-
ponents around the carrier [24], as illustrated in Fig. 12(d). The
dc and fundamental components located in the low-frequency
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distortion region are defined as the low-frequency component
Vds2, 1,r(1), which can be expressed as follows:

[1 —d(t)]Jvpe = 0.5vpc — mupe sin(wt)
€2y

vas2,Lr(t) =

When the input is the low-frequency component vgs 1,7(1),
the PCVD output voltage v,z ,#(¢) in the time domain is (32)
shown at the bottom of this page. Then the distortion amount
Av,o, 1 r(t) can be expressed as (33) shown at the bottom of this
page.

Next, an analysis is conducted on the time-domain character-
istics of the PCVD output voltage when the input is the SPWM
wave. In order to facilitate the Laplace transformation, the duty
cycle within each switching period is considered as a constant.
This method is the Regular Sampling Pulse Width Modulation
that is extensively employed in engineering. In this method, the
modulating wave is sampled once within each carrier period,
and the sampled value is taken as the duty cycle of the current
carrier period. For sufficiently high carrier ratios, the difference
between the regular sampling method and the natural sampling
method can be neglected. Considering that most power elec-
tronic converters satisfy the condition of a high carrier ratio, this
simplification is reasonable. Then the on-state duty cycle dj, of
the kth switching period can be expressed as (34). The s-domain
expression vs2(s) of the SPWM wave can be expressed as (35).

di, = 0.5 4+ msin(w, - kTsy)
+o0
vgs2(8) = vpc -

n=0

(34)

e~ (n+dn)Tsws —(n+1)Tsws

(35)
S

The time-domain output voltage v,2(f) can be expressed as
follows:

t—(ntdn)Tsw
’UDC {e Rm (Cp+Cm) .
'Uo2 = § (D) Tsw
e Rm(cp+cm) .

[t - (n + dn)Tsw]

et = (n+ DTk}
(36)

n=0 "

where e[t-(n+d,,)Ts,] and e[t-(n+1)Ts,,], respectively, denote
the unit step function with a delay of (n+d,, )T, and the unit
step function with a delay of (n+1)T,. The output voltage is
divided into two components: the on-state voltage v,2, ,,(f) and
the off-state voltage v,2 ,z(f). Then the output voltage during
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Fig. 13.  Waveforms of the uncompensated output voltage (orange), the nega-

tive of the low-frequency distortion component (dark red), and the compensated
output voltage (green) under input conditions of (a) the PWM wave and (b) the
SPWM wave.

the kth switching period is

v C, -t
UoQ,on(t) CDJSC . e Em(Cptlom) .
k-1 (n+dn)Tsw (n+D)Tsw (37)
Z (eRm(Cp+Cm,) — eRm(Cp+cm))
n=0
vpcCy i (ktd)Tsw
Vo2,0f f (t) = Vo2,0n (t) ce Bm(Cp+Cm) (38)
C +Cp,

Fig. 13(b) plots the waveforms of the output voltage v,5(f) and
the negative of the low-frequency distortion amount Av,o 1, (f)
based on the time-domain expressions. It can be seen that the on-
state voltage v,2, o, (?) is approximately equal to the negative of
the low-frequency distortion amount Av,o 1, (7). This distortion
characteristic is consistent with the PWM strategy.

In three-phase systems, a common-mode component e(?)
is typically superimposed on the sinusoidal modulation wave
to improve the utilization efficiency of the dc voltage. The
common-mode components should cancel each other out in the
three-phase load to ensure that the sinusoidal characteristics of
the output voltage remain unaffected. Therefore, the common-
mode component is typically composed of dc components,
third harmonics, and integer multiple harmonic components.
For instance, in the Third Harmonic Injection Pulse Width

Vo2 LF(t) vonc 1 + mem(Op + C;m) . eim — mem(Cp + sz)

M 2 w?R%(C,+Cp) +1 w?R2 (Cp + Cpy)

- |cos(wt) + wR,, + C,,) sin(wt
R, (Cp + Cyy) si (32)

Avg, pr(t) = v J1_ (1 + mw By (Cp + Cin) ¢ T OO msin(wt) + mw B (Cp + Crm)
’ M |2 \2 w?R2(C,+Cp)? w2R2,(Cp + Cpy)?
- [cos(wt) + wR,, (C, + C,,) sin(wt)] . (33)
p
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Fig. 14.  Waveforms of the uncompensated output voltage (orange) and the

negative of the low-frequency distortion component (dark red) when the drain-
source voltage [obtained under the modulation strategy of injecting (a) DC
component, (b) third harmonic component, (c¢) sixth harmonic component, (d)
ninth harmonic component, (e) twelfth harmonic component, and (f) fifteenth
harmonic component into the sinusoidal modulation wave] serves as the input
of the PCVD.

Modulation (THPWM) strategy, the third harmonic component
is injected into the sinusoidal modulation wave. The Space
Vector Pulse Width Modulation (SVPWM) strategy can be con-
sidered equivalent to a carrier-based PWM strategy that injects
a common-mode component into the sinusoidal modulation
wave [25]. For the classic SVPWM strategy, the common-mode
component mainly includes the third harmonic, ninth harmonic,
and fifteenth harmonic components. Fig. 14 shows the wave-
forms of the PCVD output voltage v,(f) and the negative of
the low-frequency distortion component Av, 1r(f) under the
modulation strategy of injecting different harmonic components
into the sinusoidal modulation wave. It can be seen from the
figure that regardless of the frequency of the injected harmonics,
the distortion characteristic that “the on-state voltage v, o, (%)
is approximately equal to the negative of the low-frequency
distortion Av, 1 r(?)” is satisfied.

B. Operational Principle of PSC Method

The abovementioned theoretical analysis demonstrates that
under the strategies of PWM, SPWM, and injection of
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Fig. 15.  Schematic diagram of the compensation circuit.

common-mode components, the value of the PCVD output
voltage during the on-state stage is approximately equal to the
negative of the low-frequency distortion amount. Based on this
conclusion, the PSC method is proposed: within each switching
period, the on-state output voltage v, o,(f) is sampled by a
trigger pulse and used as the compensation amount v,_gse¢(f)
for the current switching period. Then, the compensation amount
Vo,offset() is subtracted from the original output voltage v,(?),
yielding the compensated voltage v, comp(?).

The schematic diagram of the compensation circuit is il-
lustrated in Fig. 15. It is composed of an input buffer Bufi,
a sampling switch S, a damping resistor Ry, a hold capacitor
Cp, an output buffer Buf,, and a subtraction circuit. The input
buffer Buf is introduced to attain a high input impedance for the
compensation circuit, so as to reduce the loading effect of the
compensation circuit on the original output voltage v,(f). When
the DUT is fully on-state stage, the sampling pulse PWM s mpie
drives the sampling switch S to close, and the hold capacitor
Cj, starts to charge. It is crucial to note that after the DUT
completes the turn-ON process, its drain-source voltage will
be accompanied by a ringing with a decaying amplitude [26].
Under operating scenarios featuring high switching frequencies
or low on-state duty cycle, if waiting for the ringing to com-
pletely decay (which usually lasts for several microseconds),
the available sampling time will be insufficient. If the sampling
switch S is closed before the ringing completely decays, the
sampled voltage will contain this ringing component, thereby
degrading the compensation effectiveness. To suppress ringing,
a damping resistor Ry, is inserted in series within the sampling
loop, forming a first-order RC low-pass filter together with the
hold capacitor Cj. Furthermore, while efficiently filtering out
ringing, to minimize the charging time of the hold capacitor
C}, the cut-off frequency of the filter is set to one-tenth of the
ringing frequency. After the charging process lasts for five RC
time constants, the switch S is opened, and the circuit enters
the hold stage. To reduce the charge leakage on the capacitor Cy,
during the hold stage, the sampling voltage needs to pass through
an output buffer Bufs. The output of Buf; is the compensation
amount v, oset(f). Finally, by means of a subtraction circuit,
the compensation amount Vv, ofse:(f) is subtracted from the
original output voltage v,(¢), yielding the compensated voltage
Vo, comp(t)'

C. Physical Size of Compensation Circuit

The component models and package dimensions employed
in the compensation circuit are listed in Table IV. The buffer
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TABLE IV
PACKAGE AND DIMENSIONS OF KEY COMPONENTS IN THE COMPENSATION
CIRCUIT
Model Package Dimension
OPA859 WSON-8 2 mmx2 mm
LMH6703 SOIC-8 4.9 mmx3.9 mm
TMUX6202 WQFN-8 3 mmx2 mm

uses the WSON-8 packaged OPA859, with dimensions of 2 mm
x 2 mm; the differential amplifier uses the SOIC-8 packaged
LMHG6703, with dimensions of 4.9 mm x 3.9 mm; the sampling
switch S uses the WQFN-8 packaged TMUX6202, with dimen-
sions of 3 mm x 2 mm. A 100 nF high-frequency decoupling
capacitor in a 0402 package and a 10 uF low-frequency decou-
pling capacitor in an 0805 package are each placed adjacent to
the power supply pins of the buffer, the differential amplifier,
and the sampling switch. The resistor Rj, the hold capacitor
Cp,, and the four precision resistors in the subtraction circuit are
all surface-mounted devices in 0402 package. In summary, the
physical size of the compensation circuit is approximately 80
mm?. Therefore, the total physical size of the PCVD, including
the compensation circuit, is 188 mm?, which is still significantly
smaller than that of traditional voltage dividers (695 mm?).

D. Analysis of Compensation Error

The proposed compensation method exhibits two error
sources: First, (29) is a simplified result. That is to say, the
on-state output voltage v,1,,,(?) is extremely close to the neg-
ative of the distortion amount Av,q 17(f), yet the two are not
completely identical. Second, the distortion amount Av,1, 1, #(f)
is a time-varying amount. However, the compensation method
samples the on-state output voltage v, 1, ,,(f) at a certain moment
and applies it as the compensation amount throughout the entire
switching period. Taking the buck converter as an example, the
magnitude of the compensation error is quantitatively analyzed.
The compensated output voltage v,1, comp(?) in the kth switching
period is

1—dv __ t—kTsyw
Uol,omcomp(t) = % . (1 - R"'L(CP+C"'L>) (39
1 —d)vpe L tkTsy
UoLoff,CoﬂLp(t) — % . (1 —e Bm (CP+C771)>
UpC t—(k+d)Tsw

. 67 Rm (Cp+Cm) .

i (40)

It can be observed from (39) and (40) that the compensated
voltage during the on-state and off-state stages still contains
exponential terms, which do not coincide with the constant
values of the ideal PWM wave. When the on-state duty cycle
is equal to 50%, the amplitude of the voltage variation reaches
its maximum value, which can be expressed as follows:

Tsw
ngc . (1 _ efm) . @D

A'Uol,comp ~
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Fig. 16. (a) Size diagram of the hardware prototype for the performance. (b)
Relevant circuit blocks are highlighted.

Then, the relative compensation error vg,, can be expressed as
follows:

I S—
* Avo1,comp _ 1 —e 2fswhm(Cp+Cm) 42)
Vep = YUDc - 9
M

Since the cut-off frequency fg1 = 1/27R,,(Cp+C,,) of the
PCVD is much lower than the switching frequency f5,, the
relative compensation error vg,, is extremely small. According
to the PCVD design parameters in Section III, the calculated

relative compensation error v, is merely 0.06%.

V. EXPERIMENTAL VALIDATION

This section validates the performance of the designed mea-
surement system and the proposed PSC method through exper-
iments.

A. Validation of PCVD Performance

Fig. 16 shows the prototype of the developed measurement
system based on the parameters listed in Tables II and III
Its physical dimensions are merely 48 mm x 35 mm. To fur-
ther highlight the high integration advantage of the developed
measurement system, a size comparison is conducted between
it and the differential probe designed in [15]. To ensure the
fairness of the comparison, the scope of size comparison is
confined to the voltage divider unit (including the additional size
occupied by the proposed low-frequency compensation circuit).
The sizes of other system units, such as buffers, differential
circuits, and power supply circuits, are assumed to be identical
and are not included in the comparison scope. Fig. 17 presents
the comparison results of the sizes occupied by both on the
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PCB from a 3D perspective. The total size of the PCVD and
the compensation circuit in this design is reduced by 75%
compared to that of the TLVD in the literature. The comparison
results validate the advantage of the PCB-based planar capacitive
voltage measurement system in terms of physical size. It should
be noted that the total size of the PCVD and the compensation
circuit on the PCB is larger than the theoretically calculated value
in Part C of Section IV. This is mainly caused by two factors:
First, the theoretical calculations did not account for the essential
spacing between the components of the compensation circuit.
Second, the components of both the compensation circuit and the
PCVD require a clustered layout strategy to reduce the impact
of parasitic parameters. This implies that there exists a relatively
optimal placement relationship among the components, rather
than random placement. Consequently, the size occupied on the
PCB is greater than the theoretically calculated value.

For the frequency response of the measurement system in
the high-frequency band (ranging from 1 MHz to 1.5 GHz),
Fig. 18 presents the test results obtained by using the vector net-
work analyzer (VNA) Keysight ESO63A. The test data indicate
that the developed system achieves an upper bandwidth limit
of 940 MHz, outperforming the commercial probe Keysight
DPO001A with a bandwidth of 510 MHz. In addition, the
frequency response of the system exhibits a resonant peak at
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Fig. 19. Normalized frequency responses of the developed measurement sys-
tem without low-frequency compensation and the PCVD in the low-frequency
band, which are derived from calculations.

1 GHz. This frequency corresponds to the resonant point of
the capacitor C,,, which is consistent with the aforementioned
analysis results.

For the frequency response of the system in the low-frequency
band (near the PCVD cut-off frequency f1 ), two aspects require
special clarification: First, the proposed low-frequency compen-
sation method is designed for the scenario of measuring the
drain-source voltage of the device and is not applicable to all
waveform types (e.g., sinusoidal waves). It essentially performs
bias compensation on the distorted output voltage, without mod-
ifying the inherent gain droop characteristic of the PCVD in the
low-frequency band. Second, since the minimum measurement
frequency of the VNA E5063A is 100 kHz, the response in
this low-frequency band cannot be directly measured. However,
within the low-frequency band, both the closed-loop gain of
the buffer and the differential circuit can remain stable at unity
gain, and the parasitic parameters (resistor/capacitor parasitics,
wiring inductance, component pin-to-ground capacitance) can
be neglected. Thus, the low-frequency response of the measure-
ment system is predominantly determined by the low-frequency
characteristics of the PCVD and can be calculated through
the transfer function Gpcyp(s). Fig. 19 shows the frequency
response curve of the developed measurement system in the
low-frequency band without low-frequency compensation.

The CMRR is another crucial performance parameter of the
differential measurement system. It is mainly constrained by two
key factors: one is the symmetry of the two sets of input voltage
dividers (i.e., PCVD) and the two buffers, while the other is the
matching accuracy of the differential matching resistors in the
differential amplifier circuit and the CMRR of the differential
amplifier itself [22], [27]. Fig. 20 compares the CMRR of the
developed measurement system with that of DPOOO1A. It can be
seen that, limited by the CMRR of the used differential amplifier
LMHG6703 (blue dashed line), the CMRR of this system reaches
only 40 dB in the low-frequency band. Moreover, near 20 MHz,
it exhibits a —20 dB/decade attenuation trend along with the
CMRR characteristics of LMH6703. This common-mode re-
jection ability has a relatively minor impact on measuring the
drain-source voltage of the upper switch in the half-bridge
circuit (i.e., where the magnitude of the differential voltage is
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Fig. 20. CMRR of the developed measurement system and Keysight
DPO0O01A.

comparable to that of the common-mode voltage). Nevertheless,
for measuring the drive voltage of the upper switch (i.e., where
the magnitude of the differential voltage is far smaller than
that of the common-mode voltage), the impact is significant,
and a differential amplifier with higher common-mode rejection
capability needs to be replaced.

B. Validation of PSC Method

To validate the proposed low-frequency distortion com-
pensation method, a half-bridge SiC converter (Microchip
MSCSM120HRMO52NG) integrated with the measurement
system was developed, as illustrated in Fig. 21. In the exper-
iment, a 6-GHz bandwidth oscilloscope Keysight MXR608A
with a sampling rate of 16-GSa/s was employed for signal
acquisition to ensure the measurement accuracy. Under the
operating conditions of a switching frequency of 100 kHz and
a dc voltage of 800 V, the converter operates, respectively, with
PWM, SPWM, THPWM, and SVPWM modulation strategies.
The waveforms of the drain-source voltage of the upper switch
S1 measured by the developed system and the commercial probe
DPOOO1A are presented in Figs. 22 —24. Specifically, the green
waveforms denote the measurement results of the developed
system, the blue waveforms represent those of DPO00O1A, and
the dark red waveforms are the results obtained after low-pass
filtering of the waveforms measured by DPOOO1A (i.e., low-
frequency components in the drain-source voltage).

When no low-frequency distortion compensation is applied to
the measurement system, the experimental results are presented
in Fig. 22. Due to the insufficient gain of the PCVD in the low-
frequency band, the output voltage waveforms of the system
exhibit obvious distortion under four modulation strategies.

Following the implementation of low-frequency distortion
compensation, the experimental results are illustrated in Figs. 23
and 24. In Fig. 23, the measurement waveforms of the compen-
sated system and DPOOO1A are presented on the oscilloscope
with an identical vertical scale and vertical offset. It can be
observed that under all four modulation strategies, the mea-
surement waveforms of both are basically coincident, thereby
verifying the effectiveness of the PSC method. In Fig. 24, the
vertical offsets of the two are set to different values (50 and —150
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V, respectively) to improve the visibility of the measurement
waveform of DPOO0O1A (the bottom waveform).

C. Comparison of Switching Transient Voltages and
Verification of Measurement Errors

Fig. 25 (with the same vertical offset) and Fig. 26 (with
different vertical offsets) comparatively show the waveforms
of the transient voltages of the upper and lower switches (S
and S») simultaneously measured by the developed system and
DPOOO1A (with a measurement error of 0.35%) at a switching
frequency of 100 kHz. As observed in Fig. 25, the waveforms
from both measurement devices basically overlap in the voltage
transition edge part and the high-frequency ringing part. The
maximum voltage deviation is 15 V, corresponding to a relative
error of 1.87%. Fig. 27 shows the measurement results at a
switching frequency of 20 kHz. The maximum voltage deviation
is merely 13V, corresponding to a relative error of 1.63%. These
experimental results validate that the developed differential mea-
surement system has the galvanically isolated capability and
that the proposed multiobjective design optimization method is
effective.

D. Structural Optimization of PCVD

In addition to the two innovative contributions of the multi-
objective design optimization method and the PSC method, the
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and DPOOO1A (blue) when the power converter operates under (a) PWM, (b)
SPWM, (c) THPWM, and (d) SVPWM control strategies.

PCVD designed in this article has also been optimized at the
hardware level compared with the reference scheme in [10].

1) Topology Optimization: In this article, a differential-
structured PCVD is employed to substitute for the single-ended
structure in the reference scheme, endowing the measurement
system with the galvanically isolated capability, as shown in
Fig. 1(b). This design is applicable to the simultaneous mea-
surement of multiple signals with different reference potentials.
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2) Planar Capacitor Optimization: Regarding the planar ca-
pacitor C,, when the plate radius and the length of the leads
are held constant, its parasitic inductance remains essentially
unchanged. To enhance the self-resonant frequency of capacitor
C,, it is essential to minimize its capacitance. Simultaneously,
since the capacitance of C,, will decrease synchronously with
the reduction of C,, the self-resonant frequency of C,, will
correspondingly increase. This effectively broadens the upper
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limit of the bandwidth of the PCVD. As can be seen from
(8), increasing the plate spacing H is an effective approach to
reducing the capacitance of C,,. In this article, a six-layer PCB
with a thickness of 1.92 mm was utilized. The plates of the
planar capacitor were, respectively, placed on the second and
fifth layers (shielding layers were placed on the top and bottom
layers). Meanwhile, the PCB lamination structure was optimized
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to maximize the distance between the second layer and fifth layer
(H = 1.36 mm) on the premise that the interlayer insulation
performance meets measurement requirements. Based on this,
with the same plate radius, the capacitance of the planar capacitor
designed in this article is 0.316 pF, which is smaller than 0.456
pF designed in the reference scheme.

3) Layout Optimization: In the reference scheme, the planar
capacitor C,, is connected to the impedance unit Z,, via a
transmission line with a length of 20 cm. This transmission line
introduces relatively large parasitic inductance into the circuit.
As a result, the resonant frequency formed by it and the planar
capacitor is decreased, thereby limiting the upper bandwidth of
the system. In this article, both the impedance unit Z,, and the
planar capacitor C), are integrated onto the same PCB, and a short
and wide trace (length 2 mm, width 0.762 mm) is employed to
connect them. This not only reduces the parasitic inductance but
also enhances the compactness of the PCVD. The improvement
in performance has been validated through experimental results.
In the reference scheme, the frequency response of the measure-
ment system presents the first resonant peak at around 350 MHz,
restricting the system bandwidth to merely 206 MHz. In contrast,
the frequency response of the measurement system developed in
this article presents the first resonant peak at around 1 GHz, and
the system bandwidth reaches 940 MHz, as presented in Fig. 18.

VI. CONCLUSION

This article addresses the dual challenges existing in the
PCB-based planar capacitive voltage measurement system: the
difficulty in synergistically optimizing the integration level and
measurement accuracy, as well as the insufficient gain in the
low-frequency range. A multiobjective optimization method and
a PSC method are proposed. First, the physical size model
and measurement error models of the PCVD are established to
derive the Pareto front for multiobjective optimization. Then, a
Pareto optimal solution (relative measurement error v;,.,.,.(7)
= 1.16%, physical size Spcyp(r) = 108 mm?) is selected
to guide the PCVD parameter design. Second, based on the
quantitative analysis of output voltage distortion characteristics
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in the time domain, the PSC method is proposed. This method
can reduce the low-frequency distortion of the voltage to 0.06%.
The experimental results demonstrate that the developed mea-
surement system achieves an upper bandwidth limit of 940 MHz
and compact dimensions of 48 mm X 35 mm. Moreover, the
compensated output voltage waveform shows a 1.87% deviation
from reference probe measurements. These results confirm the
effectiveness of the multiobjective design optimization method
and the PSC method.
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