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Abstract  

This paper shows the design process of a planar Rogowski coil integrated in the Printed-Circuit-Board 

(PCB) for direct current slope measurement. Focus lies on the analytic estimation of the coil parameters 

with respect to specific limitations and the analog signal processing for a simplified design process. All 

analytic derivations are verified by measurements.  

Introduction 

Adaptive control of electrical machines and online parameter identification usually rely on the usage of 

test signals to evaluate the system parameters at the current operating point. In recent years, new methods 

have been proposed that use the PWM excited current slopes of the inverter instead of additional test 

signals [1–3]. 

To measure the current slope, one possible solution is the derivation of the measured current signal using 

a least squares algorithm [4]. This requires high bandwidth current sensors, fast and precise Analog-

Digital-Converters (ADC) and intense signal processing for stable calculation of the derivative and 

filtering. Specialized Field Programmable Gate Array (FPGA) implementation reduces hardware 

resources significantly and minimizes calculation time to one FPGA cycle [4].  

A different approach is the usage of a dedicated current derivative sensor based on a Rogowski coil [5]. 

Different designs for dedicated PCB sensors have been published either to extend bandwidth or as 

cheaper alternative to a conventional current sensor [6, 7].  

This paper describes the design process of a PCB integrated planar Rogowski coil using an analytical 

model. Validation is done over a variety of parameters with a dedicated PCB design of seven different 

planar Rogowski coils. Furthermore, a typical application based on a three-phase two-level inverter is 

outlined.  

Analytical evaluation of the coil parameters 

The Rogowski coil is implemented as a built-in structure in a four-layer PCB (optional six-layer if 

shielding is required). This reduces parameter variation due to manufacturing tolerances compared to a 

two layer approach proposed in [6]. Since most modern PCB layouts require more than two layers, the 

sensor can be implemented with minimal additional effort. 

The analytical estimation of the sensor parameters allows to fit the design to specific requirements and 

limitations like maximum space, required output voltage, current gradients, layer stack, minimum 

distance between vias etc. The analytical model allows to calculate the gain and bandwidth of the 

Rogowski coil by analytical calculation of the equivalent circuit parameters (Fig. 5 – yellow) only based 

on the geometric shape.  

The planar Rogowski coil can be described as a coreless transformer with rectangular shape (Fig. 1). 

The primary side represents the load path while the secondary side is the Rogowski coil. Therefore, the 
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self-inductance and capacitance, the mutual inductance and the coupling capacitance of the equivalent 

circuit of the transformer are analytically calculated using concentrated elements. This approach is valid 

below the first resonance frequency [8].  

In [9] the self-inductance 𝐿xx of a rectangular coil is described. Using the geometric parameters given 

in Fig. 1b) the self-inductance of the Rogowski coil can be calculated. Whereas 𝑁𝑥 is the number of 

windings, b the width, l the length and h the height of the coil using 𝑔 = √𝑏2 + ℎ2. 
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To improve calculation accuracy, deviations based on the wire geometry can be reduced using the 

analytic approximations of Grover and Rosa [10, 11].  

Furthermore the via inductance can be corrected using [12].The mutual inductance (M) is calculated 

using Faraday's law of induction with the geometric parameters given in Fig 1, based on a round wire 

estimation. The induced voltage on a parallel rectangular loop with the height h and width b in distance 

d to an ideal wire can be calculated to:  
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To calculate the induced voltage on each loop of the Rogowski coil, the primary side windings are 

distributed to an infinite number of small ideal round wires. This model is applied to approximate the 

average distance of all ideal wires on the primary side to the center of the Rogowski coil using the 

hardware parameters 𝑁𝑋 as the winding numbers, 𝑤𝑋 the linewidth and 𝑙𝑋 the length of the primary side 

(index 1) and the Rogowski coil (index 2):  

 

𝑑1 = (𝑙1 − 𝑁1 ⋅ 𝑤1/2)/2 + 𝑟0 (3) 

 

It is assumed that both coils are perfectly centered. Adding the average distance from each winding of 

the Rogowski coil to its center, the average distance d is calculated to: 
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Doubling the induced voltage to take the bottom layer windings into account and scaling it with the 

winding numbers of each side, the induced voltage is calculated to:  
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To calculate the mutual inductance, the primary side parasitic elements are neglected since their 

influence on the sensor characteristics is typically small. This gives the ideal induced voltage: 
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Using 6 and 7 the mutual inductance of the sensor can be calculated.  
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With the inductance 𝐿xx and the mutual inductance, the stray inductance can be calculated:  

 

𝐿σ,x = 𝐿xx − 𝑀 (8) 
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Fig. 1: Dimensions of the Rogowski coil and primary winding.  

 

In addition to the inductances the self- and coupling capacitance needs to be estimated. The coupling 

capacitance from the load path to the Rogowski coil is analyzed using the estimation for asymmetric 

striplines given in [13].  

Therefore, it is assumed that the linewidth of the load path is significantly larger than the linewidth of 

the Rogowski coil. With the length of the stripline approximated to 2 ⋅ 𝑁2 ⋅ 𝑏 and the linewidth w the 

capacitance is calculated.  
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𝑛 = 1.39 + (
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𝑤
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The self-capacitance of the Rogowski coil is approximated in two steps. First, the biplanar capacitance 

of each line to the next on a different layer is estimated using the formulas of the ideal plate capacitor. 

The surface area is assessed to 𝐴c,xy =
𝑤2⋅𝑏

2𝑝
 with the pitch 𝑝 = 𝑙2/𝑁2.  
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The coplanar capacitance of each line to the next on the same layer is calculated according to [14].  For 
1

√2
< (

𝑝

𝑝+2𝑤
) and using 𝑐0 as the speed of light, the coplanar capacitance is: 
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The overall capacitance of each side is given by the sum of all partial capacitances:  

 

𝐶σ,x = (2 ⋅ 𝑁x − 1) ⋅ 𝐶xy + (𝑁 − 1) ⋅ 𝐶xx (13) 

 

The dc resistance of each side is calculated using d as the layer thickness and 𝜌cu as specific resistance 

of copper: 

 

𝑅cu,x =
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 (14) 

 

For higher frequency operation, the resistance will increase due to skin effect. The higher coil resistance 

leads to a gain reduction of the sensor as shown in 15. To improve the high frequency model accuracy, 

the influence of the skin effect can be calculated using the research of Haefner and Cockcroft [15, 16]. 

Furthermore, via impedance can be added to the calculations [12]. 

The transfer function G of the sensor under neglection of the parasitic elements on the primary side and 

the coupling capacitance is given in [8]. It was adapted to the purpose of di/dt measurement and 

transferred to elements on the output side of the transformer.  

 

G =
𝑉out

d𝑖1/d𝑡
=

𝑁1
𝑁2

⋅ 𝑀

𝐿σ,2 ⋅ 𝐶σ,2 ⋅ (
𝑁2
𝑁1

)
2

⋅ 𝑠2 + (𝑅cu,2 ⋅ 𝐶𝜎,2 +
𝐿σ,2

𝑅d
) ⋅

𝑁2
𝑁1

⋅ 𝑠 + 1 +
𝑅cu,2

𝑅d

 (15) 

 

According to [17] the resonance frequency can be estimated to:  
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According to [8] the ideal damping resistance is calculated using the parasitic inductance and 

capacitance of the Rogowski coil, neglecting the coil resistance.   

𝑅d,DM =
1

2
√𝐿σ,2/𝐶σ,2 (17) 

 

The common mode transfer function of the unshielded Rogowski coil with one connection tied to ground 

can be derived from the circuit diagram in fig. 5.  
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The resonance frequency caused by capacitive coupling, parasitic and mutual inductance can be derived 

from equation 17 and [17]:  
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Using the estimations of [8] the damping resistance for common mode coupling can be calculated to:  
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The damping resistance can be chosen according to the expected d𝑣/d𝑡 of the application within the 

range of 𝑅d,CM and 𝑅d,DM. High d𝑣/d𝑡 may require further diminution of 𝑅d, which will lead to reduced 

sensor bandwidth and output voltage and should therefore be chosen with care.  

Verification of the analytical model 

           
Fig. 2.: a) PCB with Designs 5-7. Load path colored red, Rogowski coil blue. b) Frequency response of 

Designs 5-7.  

 

To verify the analytical model, two dedicated PCBs (second PCB shown in fig. 2 a) were constructed, 

offering seven different designs of the planar Rogowski coil with identical surface area. The design 

parameters are given in Table I. Design 2 is chosen identical to Design 1 but features two additional 

shielding layers to reduce common mode disturbances. Effects of shielding will be discussed in the next 

chapter. The impedance of the planar Rogowski coil designs were measured with Keysight E4980AL-

102 1 MHz LCR meter. The impedance was then fitted to the equivalent circuit using Matlab® Zfit [18].  

Table I: Parameters of the sensors. All length specifications in mm 

 Design 1 Design 2 Design 3 Design 4 Design 5 Design 6 Design 7 inverter 

𝑁1 2 2 1 2 2 2 2 2 

𝑙1 45.4 45.4 45.4 45.4 45.4 45.4 45.4 45.4 

𝑏1 64.5 64.5 64.5 64.5 64.5 64.5 64.5 65.5 

ℎ1 2.06 2.06 2.06 2.06 2.06 2.06 2.06 1.9 

𝑤1 22.6 22.6 45.4 22.6 22.6 11.3 22.6 22.8 

𝑑1 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.07 

𝑁2 50 50 50 50 50 50 50 50 

𝑙2 36.75 36.75 36.75 45 36.75 36.75 36.75 36.75 

𝑏2 40 40 40 40 40 40 20 40 

ℎ2 1.37 1.37 1.37 1.37 1.37 1.37 1.69 1.5 

𝑤2 0.2 0.2 0.2 0.2 0.55 0.2 0.2 0.2 

𝑑2 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 

 

a) b) 

5                    6                     7 



Table II: Estimation errors. Positive values indicate smaller measurements than expected. 

 Design 1 Design 2 Design 3 Design 4 Design 5 Design 6 Design 7 

𝑀2 3.9% 4.2% 5.1% -3.8% 3.7% 2.6% -17.6% 

𝑅cu2 -7.6% -5.1% -1.9% -3.9% -5.07% -1.9% 7.2% 

𝐶𝜎2 1.5% -77% 1.8% 50% 24.9% 22.9% -74% 

𝐿σ2 -44% -28% -46% -78% 19% -30% 36% 

𝐶C 7.7% not estimated 8.4% -0.4% 42% 2.6% -28% 

 

Table II shows the deviation of the estimation presented in the first chapter to the measured results. Due 

to large measurement uncertainty and the negligible influence on the sensor characteristics, the 

measurements of the load path are not displayed. Deviations between the calculations and measurements 

of the Rogowski coil may have several reasons:  

The parameter estimations only consider the sensor traces and therefore the impedance of the 

connections to the measurement terminals are neglected in the calculations. Furthermore, the actual track 

width of the PCB can vary by up to 20 % and layer thickness up to 15 % the due to the manufacturing 

process [19]. Calibration of the designed track width to the manufactured PCB can be achieved by the 

𝑅DC evaluation, therefore the trackwidth was corrected by -17 % in design 1-6 which share the same 

layers. Since the Rogowski coil in design 7 is placed on different layers, no correction was applied.  

The impedance fit of Matlab® Zfit uses the reduced circuit with concentrated elements shown in fig. 5 

with neglection of skin and proximity effect. This improves the robustness of the solution but leads to 

lower measurement accuracy. Even with partial uncertainty of the design parameters and measurement 

tolerances, the estimations show a sufficient agreement to the measurements. 

Evaluation of the sensor characteristics and the mutual inductance is performed by a frequency response 

analysis up to 20 MHz with the Keysight MSOX3024T oscilloscope using a 1 Ω ± 1 % shunt resistor 

for input current measurement and 𝑅d = 82 Ω ± 1 %. One output of the Rogowski coil is connected to 

ground. The input current was generated using the built-in signal-generator. Fig. 3 a) confirms the 

analytical model for the common mode frequency response by comparison with the measured frequency 

response. The measurements were performed with one input of the load path connected to the signal-

generator while the second input was left open. Since one output of the Rogowski coil is connected to 

ground, common mode disturbance can couple trough 𝐶C/2 as shown in equation 18.  

 

    
Fig. 3: Comparison of measured to analytical estimated frequency response a) common mode frequency 

response (equation 19) b) differential mode frequency response (equ.16) 

 

Fig. 3 b) shows the measured frequency response analysis compared to the analytically calculated 

frequency response between 1 kHz and 10 MHz of design 1. The results show sufficient agreement of 

the estimation below the first resonance frequency. As changes in wire geometry are not covered by the 

presented calculations, larger deviations are expected in design 5 as it features increased linewidth. In 

summary, the measurements show that the system behavior can be sufficiently approximated by the 

presented analytical approximations. 

  

a) b) 



Reduction of common mode distortion 

Common mode distortions are mainly induced through capacitive coupling by the large surface areas 

and low distance of the primary and secondary windings. Reduction can be achieved by reducing the 

common surface areas of the Rogowski coil and the load path, additional shielding, filtering of the output 

signal, or a differential Rogowski coil design as proposed in [20].  

A possible filter design using y-capacitors is shown in fig. 5. It reduces the common mode disturbances 

due to the capacitive voltage divider by the y-capacitors and the coupling capacitance. Therefore, the 

capacitors are chosen significantly larger than the coupling capacitance. It should be noted, that adding 

output capacitors will have a similar effect as increasing 𝐶σ,2, which results in reduction of the sensor 

bandwidth.  

Effects of the reduction of the common surface area are explored in Design 6 shown in fig. 2 a). The 

load path is placed on the edges of the Rogowski coil, resulting in 22 % reduced output voltage 

compared to design 1. The Rogowski coil was placed on layer 2 and 5 resulting in 23 % increased height 

while also reducing the space between load path and Rogowski coil by 60 %. The smaller cross section 

area on the load path reduces the maximum current of the design but also reduces common mode 

capacitance by 58 % compared to design 1 even with smaller distance. This results in smaller filter 

capacitors or higher damping resistor and therefore increased bandwidth.  

In Design 2 an additional ground layer was added between top/bottom-layer and the Rogowski coil. 

Compared to Design 1 the shielding reduces the common mode capacitance by a factor of 257 (1.35 pF 

– design 2 vs. 349 pF – design 1).  Fig. 4 a) shows the resulting equivalent circuit diagram. The 

connection of the ground plane adds an additional parasitic inductance to ground, which can lead to 

additional resonance if the connection is not designed properly. The effects of high 𝐿σ,GND are shown 

by measurements in Fig. 4 b). To reduce current spikes on the ground connection, the shielding can be 

connected to the dc-link potentials of the inverter as well. This may require additional filtering of the 

dc-link common mode voltage by y-capacitors.  

M
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Rcu2 

Cσ2 

iL 

Vout

0.5 Cc2

0.5 Cc2Lσ2 

 
Fig. 4: Reduced equivalent circuit diagram of the Rogowski coil with ground connection (left). 

Measurements with high and low inductance to ground (right).  

Design considerations and limitations  

The analytical model shows that different compromises need to be made during the design process. The 

mutual inductance should be maximized with respect to the physical limitations to offer a good signal 

to noise ratio (SNR) (𝑈 = −𝐿
d𝑖

d𝑡
). Therefore, the linewidth of the load path should be chosen as small 

as possible to increase the flux linkage in the Rogowski coil.   

To increase the output voltage, the cross section of the coil can be enlarged. This also leads to an 

increased coupling capacitance and therefore greater common mode distortion and bandwidth reduction. 

The distortion can be filtered by y-capacitors, which will decrease the bandwidth of the designed coil or 

reduced by a differential coil design [20]. For this reason, the cross-sectional area should only be 

increased to such an extent that the desired bandwidth can still be achieved. 

Shielding of the planar Rogowski coil lowers common mode disturbances more effective than filtering 

with only slightly decreasing the bandwidth. Focus should be a low parasitic inductance of the shielding 

connection to reduce disturbances induced by the parasitic resonant circuit of the coupling capacitance 

and shielding connection. Furthermore, shielding requires two additional layers making it less cost 

efficient.  

Another way to increase the output voltage is the maximation of the winding numbers on each coil. 

Usually, the number of windings of the Rogowski coil is limited by the available space on the PCB and 

a) b) 



the minimum clearance of the traces and vias defined by the manufacturer.  The number of windings on 

the primary side is basically limited by the required cross-section area for the designed output current.  

Increasement of windings raises the output voltage but also increases 𝐶σx and 𝐶c due to larger surface 

areas. This will require additional damping by decreasing 𝑅d which leads to reduced bandwidth and 

output voltage. To increase the bandwidth an additional characteristic shaper proposed in [21] can be 

implemented.  

Typical Application 

Fig. 6 a) shows an inverter design including three-phase current-, current slope- and voltage-sensors, as 

well as a DC-link voltage-sensor to support current slope-based machine control and parameter 

identification algorithms. The inverter is designed to support switching frequencies up to 100 kHz, DC-

link voltages up to 60 V and phase RMS currents up to 25 A. The design parameters of the planar 

Rogowski coil on the inverter given in table II. Compared to design 1-7, this design has higher common 

mode coupling due to smaller distance between the Rogowski coil and the load path requiring higher 

filter effort.  

The signal processing is done by a Xilinx Zynq-7030 System on Chip (SoC) using a 16bit, 5 MS/s (mega 

samples per second) LTC2325 ADC with additional active input voltage divider.  

Analog signal processing 

The Rogowski coil is evaluated by an analog circuit to adjust voltage levels, reduce noise and damp the 

coil (Fig. 5). The resistor 𝑅d is iteratively chosen to 11.2 Ω to provide a sufficient output voltage and 

damping of the circuit. Furthermore, the passive voltage divider defines the potential of the Rogowski 

coil.  

In the designed inverter shown in Fig. 6 the Rogowski coil is placed next to each half bridge which leads 

to high voltage gradients during switching and therefore a high common mode distortion due to the 

coupling capacitance 𝐶C. To reduce the common mode noise 𝐶LP1 is chosen to 10 ⋅ 𝐶C.   

𝑅LP1  is selected to have an additional differential lowpass with the edge frequency set to the Nyquist 

frequency of the ADC. Since 𝑅LP1 reduces the output voltage of the sensor, the resistance should be 

chosen small compared to 𝑅d. 

𝑅LP1 =
1

2𝜋𝑓 ⋅ 𝐶LP1
 (21) 

When controlling highly utilized electrical machines, the current slope needs to be measured precisely 

under changing inductances. The operational amplifier AD850ARMZ allows to change the gain with 

two additional IOs in four steps to 1, 2, 5 and 10. This allows to set a higher gain in high inductance 

operating points and decrease the gain when saturation or anisotropic behavior in the electrical machine 

leads to decreased inductances.  
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Fig. 5: equivalent circuit diagram of the Rogowski coil (yellow) and analog signal processing.  

 

Usually, the ADC is located next to the control unit while the measurement is preformed next to the 

powerpath. For a more robust signal transmission the voltage levels are increased by the second 

operational amplifier to the ±10 V input voltage level of the ADC. In addition, the transmission is 

changed from single-ended to a differential signal. 𝐶LP2is chosen depending on 𝑅LP2 to set the cutoff 

frequency of the second lowpass the to the Nyquist frequency of the ADC to provide additional filtering 

and reduce oscillations during transient signal changes.  

𝐶𝐿𝑃2 =
1

2𝜋𝑓 ⋅ 𝑅LP2
 (22) 



Testbench measurements  

The designed inverter was validated using a back-to-back motor testbench with two Nanotec 

DB59C024035R PMSMs. The inverter was operated at 20 kHz PWM frequency and 15 V DC-Link 

Voltage. The static gain of the second operational amplifier was set to 10. All lowpass filter were 

designed with an edge frequency of 2.5 MHz. The variable Gain at AD8250ARMZ was set to the 

maximum of 10 to show the performance under maximum noise level.  

Table III: Nominal values of the inverter (left) Operating point (middle) and Machine Parameters 

of Nanotec DB59C024035R (right) 

Nominal values   Operating Point - inverter  Operating point - machine 

PWM Frequency 100 kHz  PWM Frequency 20 kHz  Rs 0.135 Ω 

DC-Link Voltage 60 V  DC-Link Voltage 15 V  Ld 0.2 mH 

Max. Power 1.4 kW  Rotational speed 800 rpm  Lq 0.2 mH 

RMS Phase Current 25 A  RMS Phase Current 0.5 A  Ψpm 11.7 mVs 

 

The measurement shown in Fig. 6 was performed under the conditions of Table III. The d𝑖/d𝑡 reference 

signal (fig. 6 b) – red) was measured by a 50 MHz Tectronix A6302 current probe and processed in 

MATLAB using a 100th order differential filter with an edge frequency of 2.5 MHz and compensated 

group delay.  

The measurements of the ADC values of the Rogowski coil and the current probe were synchronized by 

an external trigger signal connected to the SoC and the oscilloscope. 

 

                              
Fig. 6: a) Designed inverter prototype including planar Rogowski coils (red). b) Comparison of a 

measured current with a phase delay compensated derivative filter (red) and the planar Rogowski coil 

(blue) on a Nanotec DB59C024035R. 

 

Compared to the postprocessed current measurements the direct current slope measurement of the planar 

Rogowski coil tends to have lower noise level. The additional propagation delay due to the analog signal 

processing delay is 300 ns. The oscillations after each switching event depend on the parasitic 

capacitances and inductances of the test bench and cables. In the performed measurement the d𝑖/d𝑡 

values were stable after 2.25 μs.  

Conclusion 

This paper shows the design process of a d𝑖/d𝑡 sensor by a planar Rogowski coil. The sensor parameters 

were analytically estimated to allow a simplified design process for customized sensors with respect to 

the individual requirements and limitations of each application. The analytical evaluation was afterwards 

verified by different measurements and impact of common mode coupling was discussed. Furthermore, 

a low voltage two-level drive inverter was designed to prove the performance under real operating 

conditions of the sensor. In addition, the analog signal processing of the planar Rogowski coils in the 

inverter was described. As outlined in the paper, common mode reduction is crucial to the design as it 

has significant influence on the sensor performance. Therefore, the load track with should be adapted to 

each application to reduce the coupling capacitance 𝐶C and increase the mutual inductance 𝑀. 

 

 

a) b) 
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