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Abstract— Laminated busbars connect capacitors with 
switching power modules and they are designed to have 
low stray inductance to minimize electromagnetic 
interference. Attempts to accurately measure the stray 
inductance of these busbars have not been successful. 
The challenge lies with the capacitors as each of them 
excite the busbar producing their individual stray 
inductances. These individual stray inductances cannot 
be arithmetically averaged to establish the total stray 
inductance that applies when all the capacitors excite the 
busbar at the same time. It is also not possible to measure 
the stray inductance by simultaneous excitation of each 
capacitor port using impedance analyzers. This paper 
presents a solution to the above dilemma. A vector 
synthesis method is proposed whereby the individual 
stray inductance from each capacitor port is measured 
using an impedance analyzer. Each stray inductance is 
then mapped into an x-y-z frame with a distinct direction. 
This mapping exercise allows the data to be vectored. The 
total stray inductance is then the sum of all the vectors. 
The effectiveness of the proposed method is 
demonstrated on a busbar designed for H-bridge 
inverters by comparing the simulation and practical 
results. The absolute error of the total stray inductance 
between the simulation and the proposed method is 
0.48nH. The proposed method improves the accuracy by 
14.9% compared to the conventional technique in 
measuring stray inductances.   

 
Index Terms— planar busbar, stray inductance, 

measurement, impedance analyzer, vector synthesis 
method, H-bridge inverter 

I. INTRODUCTION 

oltage source inverters such as the H-bridge inverter are 

commonly used in electric drives applications [1-3]. An 

H-bridge inverter requires the input dc-link capacitance to 

stabilize the input voltage.  
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In practical applications, several capacitors are connected in 

parallel in order to achieve the required capacitance and to 

reduce the current stress for each capacitor [4]. All of the 

dc-link capacitors are connected to the busbar which connects 

them with the power switching modules and the voltage 

sensor measuring the dc-link voltage.  

The preferred busbar type for H-bridge inverters is the 

laminated planar busbar. Laminated planar busbars are made 

in a sandwich arrangement where an insulating material 

(commonly epoxy glass or Mylar) is sandwiched between two 

metal plates (commonly copper or aluminum). One metal 

plate is positively charged and the other is negatively charged. 

The gap between the plates is determined by the thickness of 

the insulator and it varies between 0.2 mm and 6 mm 

depending on the maximum applied voltage level across the 

busbar [5]. This arrangement of thin parallel metal plates 

laminated with a thin dielectric enables to minimize the effect 

of stray inductance [6]. It is well known that stray inductances 

greatly influence the operation of H-bridge inverters. For 

example, during switching transients, stray inductances are 

responsible for increasing the switching losses [7], producing 

electromagnetic interference [8], and during turn-off, the stray 

inductances cause voltage stress across the power switching 

devices [9]. Consequently, in order to ensure a good switching 

performance, it is essential to design a laminated planar 

busbar with low stray inductance [10-12]. 

To demonstrate a good busbar design the stray inductance 

must be validated by experiment. Two measurement methods 

can be applied: indirect and direct. The indirect method 

measures the voltage overshoot ΔV and the current change 

di/dt to calculate the stray inductance value of the current 

commutation loop [13]. This practical approach requires that 

the busbar is physically connected with the charged capacitors 

and the power switching module that is turned on and turned 

off. Tests can be conducted in the fully assembled inverter or 

more commonly in a double pulse tester [14]. Reference [11] 

suggested an improvement to the double pulse test by adding a 

resonant capacitor to measure the stray inductance. However, 

methods, where the busbar is energized and physically 

connected with the dc-link capacitors, result in the 

measurement of the stray inductance of the whole loop. Thus, 

the individual stray inductance of the busbar cannot be filtered 

away from the stray inductance of the capacitors and the 

power device. To overcome this [15] suggested calculating the 

parasitic inductance of a busbar by injecting current into the 
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busbar which is physically connected to the circuit. The 

voltage is then measured across the DC link busbar allowing 

the calculation of the stray inductance. This technique, 

however, requires additional circuitry and the high frequency 

contents of the injected current can also flow through the 

capacitors and the anti-parallel connected diodes within the 

power switching modules thus measuring their inductances 

too. Reference [16] systematically studied the stray 

inductance of laminated busbars both analytically and by 

experiment. The authors presented a resonance measurement 

method for measuring the low stray inductance. Step-by-step 

measurements along the busbar are required resulting in a 

cumbersome measurement procedure. Based on the studies 

reported thus far, all the indirect measurement methods lag in 

terms of the accuracy and are time-consuming. Therefore, the 

indirect method is not preferable for measuring the stray 

inductances of busbars. 

The direct measurement method is a good alternative and 

requires special equipment. Three equipment types can be 

used: LCR meter [17], impedance analyzer [6] and network 

analyzer [18]. Using any of these equipment does not require 

the connection of charged capacitors to the busbars or the 

connection to power switching modules. Only the busbar is 

connected to the equipment. Fundamentally an LCR meter 

and an impedance analyzer are similar as both measure the 

impedance of a busbar. This is achieved by measuring the 

voltage-to-current ratio which is phase-sensitive [19] and this 

ratio represents the fundamental impedance value of the 

busbar. From this value, the stray inductance of the busbar can 

be calculated. An LCR meter conducts the impedance 

measurement at one frequency only, whereas an impedance 

analyzer offers the capability to sweep the frequency thus an 

impedance spectrum can be displayed providing information 

on how the stray inductance varies over a frequency range. A 

network analyzer injects an incident signal into the busbar and 

captures the reflected signal. From both these signals, the 

reflected coefficient is calculated and this coefficient is 

processed to determine the frequency response of the busbar 

impedance.  

In order to measure the stray inductance, the measurement 

equipment is connected to the busbar port that connects to the 

dc-link capacitor and an excitation signal is injected at the 

point where the dc-link capacitor is connected to. This 

approach, however, is known for errors which have been 

reported in the literature [20]. The error is caused as the 

equipment can only be connected to one port that connects to 

the dc-link capacitor. Busbars that connect several capacitors 

have several ports and the question is which port to choose 

from to determine the stray inductance.  

Although it is possible to measure the stray inductances 

individually at each port that a capacitor is connected to, the 

individual stray inductances cannot be arithmetically added to 

represent the total stray inductance of the busbar [21]. Also, 

practically, it is not possible to operate several of the same 

equipment types in parallel (for each dc-link capacitor port 

one analyzer) to measure the total stray inductance as each 

equipment would interfere with each other. Therefore, the 

common approach is to assume that all capacitors are 

connected in the geometrical center of the busbar. The port 

that is closest to the center is used for measurement. The stray 

inductance of this measurement represents the stray 

inductance of the busbar. Clearly, this value is not a true 

representation as excitation takes place at each port that a 

capacitor is connected to. Of the three equipment discussed 

for the stray inductance measurement, the impedance analyzer 

is preferable as it is low cost compared to the network analyzer 

[22] and is easier to use than an LCR meter for performing 

frequency sweep.   

This paper addresses a practical challenge of measuring the 

stray inductance of a laminated planar busbar. The proposed 

method is based on data mapping and vector synthesis theory. 

The stray inductance of each capacitor port is measured 

individually and then an analytical method has been 

developed to calculate the total stray inductance order from 

the measured data. This study is conducted on a low stray 

inductance laminated planar busbar which is designed for a 

single-phase voltage source H-bridge inverter. The 

comparison of the analytical results and Finite Element 

Method (FEM) simulation are given in detail and the 

experimental validation is also provided.  

The paper is structured as follows. Section 2 describes the 

design of a low stray inductance laminated planar busbar and 

gives the FEM results and the values of stray inductances. 

Section 3 introduces the analytical method to calculate the 

total stray inductance and compares the calculated total stray 

inductance with the FEM results. Section 4 describes the 

experimental setup and test results followed by Section 5 

which discusses the analytical results and compares them with 

the FEM simulations and experimental results. Finally, the 

conclusions are drawn in Section 6. 

II. DESIGN OF A LOW INDUCTANCE BUSBAR AND FEM 

SIMULATION RESULTS   

A. Description of a low inductive laminated planar busbar 

For the measurement of stray inductance, two commercial 

low inductance laminated planar busbars are used which are 

labeled as busbar A and busbar B and their geometries are 

shown in Fig. 1(a) and Fig. 1(b), respectively. The busbar A 

has 20 ports and the corresponding port numbers are indicated 

in Fig 1(a). The busbar B has 25 ports and the corresponding 

port numbers are indicated in Fig 1(b). These two busbars are 

designed with the rated power of 1100V/150A and 

1100V/270A, respectively, which can be used for power 

conversion of DC to AC, powering an inductive load. The 

busbars play a role as a connection of capacitors and power 

switches modules with a structure of two conductive copper 

layers and several insulated polyimide layers as shown in 

Fig.1 (c). The schematic of the power circuit is shown in Fig. 1 

(d). The anode and the cathode of capacitors are connected 

with the positive and negative plates of the busbars in Fig. 1(a) 

or Fig. 1(b), respectively. For busbar A, Port 17 forms the first 

leg of the H-bridge inverter in the modular multilevel 

converter (MMC) and connects to a power switching module 
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that contains two IGBT power switches with antiparallel 

diodes connected in a half bridge (S1 and S3). Port 19 connects 

the second leg of the H-bridge converter (S2 and S4). They 

have been shown in the right part of Fig. 1(d). For analysis, 

Port 19 is defined as the reference point and therefore all the 

described stray inductances in this paper refer to Port 19. This 

implies Port 19 must be short-circuited. The short circuit link 

should be designed to provide good electrical contact but also 

should have low stray inductance. A piece of copper with a 

width of 7mm, a thickness of 1mm and length of 22mm has 

been added and these values have been used for practical 

measurement and simulation. Port 16 and Port 18 form 

connections to the high frequency filter capacitors Co1 and Co2. 

Fig 1(a) shows that Ports 16 and 17 and Ports 18 and 19 are 

180 mm apart and each of the ports is 120mm away from the 

edge of the plates. Port 20 is used to measure the DC voltage. 

Note that this port is bent upwards to avoid electromagnetic 

interference from the busbar. Although bending adds a stray 

inductance with regard to Port 20, measurement of the dc-link 

is an average voltage and so the impact on the additional stray 

inductance can be ignored. In Fig 1(a) the upper plate is 

defined as positive and the lower plate is defined as negative. 

The plates are made of copper. The width of each plate is 

420mm, the length is 265mm, the thickness is 2mm, and the 

spacing between the positive and negative plates is p=0.5 mm. 

Fig. 1 (b) shows that the busbar has two insulating layers each 

with a thickness of 0.25 mm between the positive and the 

negative plates. In addition, an insulation layer is placed on 

top of the positive rail and the bottom of the negative rail to 

avoid breakdown at the edge of plates. The insulation material 

used is polyimide and its relative permittivity is 4. 

Hot-pressing [23] was used to build the planar busbar.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1 (a) A Low inductance laminated planar busbar A with 20 ports 
(1100V/150A). (b) A Low inductance laminated planar busbar B with 
25 ports (1100V/270A). (c) A Cross-sectional view of the busbar 
model. (d) Diagram of single phase H-bridge inverter 

B. MOM Simulation 

The busbar is shown in Fig. 1(a) has been incorporated and 

simulated in ANSYS Q3D ExtractorTM to calculate the stray 

inductances. ANSYS Q3D ExtractorTM performs 3-D 

quasi-static electromagnetic field simulations. It is possible to 

excite just one of the fifteen ports (Port 1 to Port 15) that 

connect to the dc-link capacitors C1 to C15 respectively to 

establish the stray inductance individually or all the ports (Port 

1 to Port 15) may be excited at the same time to generate the 

total stray inductance of the busbar.  

ANSYS Q3D ExtractorTM provides electromagnetic field 

simulation tools which employ Moment of Method (MOM) to 

solve Maxwell’s integral field equations. The total grid 

number of 153,595 was applied for each port (Port 1 to Port 

15) for calculation of the stray inductance. The grid was 

applied across the two copper planes (top, bottom). The 

computation time for each port took approximately 25 

minutes until the full convergence was achieved. The 

computer used was an Intel i7 core with RAM memory of 

32GB (i7-3920XM CPU 3.1GHz). Each port was excited with 

a small amplitude AC signal of 841kHz. This frequency 

corresponds to a 1.2 μs device turn-off time chosen as for this 

research.  

 
Fig.2 Simulated inductances in ANSYS Q3D ExtractorTM at different 

ports for busbar A and busbar B（unit: nH） 

……

C15C1 C2 Co1

S1 S2
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Fig.2 shows the results for each stray inductance at different 

ports for busbar A and busbar B. All stray inductances are 

only several tens of nH confirming that this design is of low 

inductance. The lowest stray inductance is measured from 

Port 7 (38.911nH) and the highest value is measured from Port 

13 (42.741nH) for busbar A. The maximum difference 

between the simulated stray inductances is therefore 3.83nH. 

The lowest stray inductance is measured from Port 15 

(44.5211nH) and the highest value is measured from Port 16 

(47.928nH) for busbar B. And the maximum difference 

between the simulated stray inductances is therefore 3.407nH. 

Fig.2 also shows the result of the total stray inductance 

resulting from the simulation when all the ports are excited 

simultaneously. The value is 34.699nH and 39.957nH 

respectively for busbar A and busbar B which are much lower 

compared to any of the individual measured stray inductances. 

This result supports the statement that the total stray 

inductance cannot be arithmetically averaged across all 

individual stray inductances.   

Fig.2 shows that depending on where the impedance 

analyzer is connected, the inductance value would differ and 

the same was observed during experimentation. 

III. ANALYTICAL CALCULATION OF THE TOTAL STRAY 

INDUCTANCE 

A. Analytical calculation of the total stray inductance 

In this paper, we study the inductance measurement and 

synthesis methods mainly based on busbar A. ANSYS Q3D 

ExtractorTM calculated a total stray inductance of 34.699nH. 

This value is based on the fact that all the 15 ports were 

excited at the same time. Practically, exciting and measuring 

15 ports with 15 impedance analyzers is infeasible. Therefore, 

a method is proposed that analytically calculates the total stray 

inductance based on the individual measurements at each port 

using vector synthesis method. To apply this method, each 

connection between any of the Ports 1 to 15 and Port 19 is 

approximately represented as a parallel flat conductor as 

shown in Fig. 3 

 
Fig. 3 Parallel flat conductor 

 

In Fig. 3, the width w and length lb of the plates is much 

larger than the spacing between the two plates, p, and assume 

current density on surface of plate is uniform, thus end effect 

and fringing effect of magnetic field are neglected, and the 

magnetic field H has only a y-orientation, Hy, and the current I 

can be expressed as, 

 

 𝐼 = ∫ 𝐻𝑦𝑑𝑦
𝑤

0
= 𝐻𝑦𝑤 (1) 

 

The magnetic flux  is: 

 

  = ∫ ∫
𝐼

𝑤

𝑙𝑏
0

𝑑𝑧𝑑𝑥
𝑝

0
=

𝐼

𝑤
𝑝𝑙𝑏 = 𝐿𝐼  (2) 

 

Where  is the permeability. From (2) the inductance L is: 

 

  𝐿 =
𝑝𝑙𝑏

𝑤
  (3) 

  

Equation (3) can be applied to all the ports resulting in 15 

individual stray inductances (L1 to L15). However, these 

inductances cannot be arithmetically added to calculate the 

total stray inductance. This is because (3) applies to the 

reference frame (x-y-z) that describes the alignment between 

the excited port and Port 19. As the busbar has 15 ports, 15 

individual reference frames (x1-y1-z1 to x15-y15-z15) with 

respect to Port 19 apply. In order to calculate the total stray 

inductance, each reference frame must be aligned with respect 

to one master reference frame (x0-y0-z0).  

Actually, from the electromagnetic field point of view 

inductance can be seen as an equivalent parameter. 

𝐿 =


𝑖
                                    (4) 

Where  is magnetic flux. Here, a single turn is considered. 

This supposition is in agreement with that prescribed in this 

paper. According to the relationship of the flux linkage with 

magnetic induction intensity, there is 

𝐿 =
∫ 𝐵⃑ ∙𝑑𝑠 

𝑖
                                     (5) 

Due to the problem of the inductance of busbar being linear, 

superposition theorem can be used to calculate the total flux 

linkage by summing flux linkage generated by currents 

excited by individual ports. So, 

𝐿 =
1

15𝑖
∑𝐵𝑗∆𝑠𝑗𝑐𝑜𝑠𝜃                          (6) 

Here we assume excited currents at individual ports are all 

equal to i. If let i be unit, inductance is the summation of 

products of a differential surface with a project of magnetic 

induction intensity on the normal direction of this differential 

surface. It is equivalent to a summation of vectors. The total 

inductance of busbar described above is analogous to this 

summation procedure. If total current is applied at an 

equivalent port in Fig. 4(a) it can be divided into 15 currents to 

every sub-port on the low busbar plates. In Fig. 4(a) one 

terminal of sub-port is corresponding to one terminal of the 

current distributor from number 1 to 15. All the other 

terminals at individual ports are joined together and connected 

with a return output terminal of the current distributor, 

terminal 16. Therefore, there are 16 terminals at the output of 

the distributor. From electromagnetic respect, the total 

inductance can be obtained in three steps. The total magnetic 

induction intensity is first resolved through vector summation 

of magnetic induction intensity generated by every sub-port 

x

w>>p

y

z p

I

I

w

lb
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current. Then the total magnetic flux can be calculated by 

surface integral of magnetic induction intensity. Finally, the 

inductance is flux divided by total current. In a reverse way, 

however, we can regard the Li (inductance of ith sub-port) as 

the magnetic flux and regard magnetic flux as a vector which 

has a direction perpendicular to equivalent current reference 

direction shown in Fig. 4(b). Then the process of calculation 

of total magnetic induction intensity by vector summation of 

respective magnetic induction intensity generated by sub-port 

current and integration of total magnetic induction intensity to 

obtain total flux is replaced by vector summation of respective 

sub-inductances. The equivalent one port network is shown in 

Fig. 4(c). This is the only conceptual definition of total 

inductance. From the simulation point of view, because 

excited current can be applied simultaneously at individual 

ports, total inductance can be easily simulated using circuit 

inductance definition. But using this circuit conception to 

experiment is not an easy thing. Even it can’t be implemented. 

Therefore, there has no measurement method to obtain a total 

inductance of low laminated busbar up to now. 

 
(a) 

         
 (b)                                   (c) 

Fig. 4 (a) Definition of total inductance for a multi-port system. (b) 

Illustration of equivalent current direction and equivalent inductance 

direction of a vector synthesis method for an individual port. (c) 

Equivalent one port network of the multi-port system. 

The orientation of the master reference frame can be chosen 

arbitrarily meaning y0 must not point towards Port 19. This is 

because the function of the master reference frame is to 

provide a trigonometric relationship between all of the 15 

individual reference frames and does not represent an 

alignment to Port 19.  

In order to map a scalar product such as the inductor value L 

in a reference frame, the scalar product must be given a 

direction. Unit vectors 𝑖, 𝑗, 𝑘⃗⃑, commonly provide directions to 

scalar products in a three-dimensional space. Subsequently, 

each frame has its own unit vectors: 

 𝑖𝑘 = (
1
0
0
) (7) 

 𝑗𝑘 = (
0
1
0
)  (8) 

 𝑘⃗⃑𝑘 = (
0
0
1
)  (9) 

Where 𝑖𝑘, 𝑗𝑘, 𝑘⃗⃑𝑘are the unit vectors for each reference frame k 

(k=1 to 15) representing the positive direction x, y, and z 

respectively. A vector in each frame can be generally 

described as: 

 

 𝑉⃗⃑𝑘 = 𝑎𝑘𝑖𝑘 + 𝑏𝑘𝑗𝑘 + 𝑐𝑘 𝑘⃗⃑𝑘       (10) 

 

Where ak, bk and ck are scalar products with respect to the unit 

vectors. In (1) it is shown that the magnetic field has only a y –

orientation, therefore the scalar products ak and ck are zero. As 

the stray inductance described in (3) is the result of the 

magnetic field bk becomes Lk and the vector can be written as,    

 

 

Fig. 5 Illustration of the direction of the unit vectors for 𝑉⃗⃑1, 𝑉⃗⃑2 and 𝑉⃗⃑15.  

 

Fig. 6: Two-dimensional reference frame transformation 

   𝑉⃗⃑𝑘 = 0𝑖𝑘 + 𝐿𝑘𝑗𝑘 + 0𝐾⃗⃑⃑𝑘=𝐿𝑘𝑗𝑘      (11) 

 

Equation (11) describes the mapping of the stray inductance 

Lk into the frame k.  Lk remains a scalar and the value is 

calculated from (3).  

An illustration of the above is shown in Fig. 5 as an 

example. The three connections Port 1-Port 19, Port 2-Port 19 

and Port 15-Port 19 are assumed as parallel flat inductors 
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resulting in the three vectors 𝑉⃗⃑1, 𝑉⃗⃑2 and 𝑉⃗⃑15.  

Due to the flat structure w, lb >>p all the 15 reference 

frames (xk-yk-zk) reduce from 3D to 2D. With zk=0, the 

reference frames become (xk-yk). As mentioned earlier, to 

calculate the total stray inductance all the reference frames 

(xk-yk) must be aligned with one master reference frame (x0-y0) 

and Fig. 6 shows graphically a two-dimensional reference 

frame transformation. 

The relationship between the two frames is described using 

the transformation matrix T which can be expressed as [25], 

 

 𝑇 = (
𝑐𝑜𝑠 𝑠𝑖𝑛
−𝑠𝑖𝑛 𝑐𝑜𝑠

)  (12) 

 

Each reference frame k has its own transformation matrix Tk: 

 (
𝑥0

𝑦0
) = 𝑇𝑘 (

𝑥𝑘

𝑦𝑘
)  (13) 

 Due to the transformation the stray inductance Lk which is 

a single scalar component in reference frame k becomes a two 

scalar components Lxk0 and Lyk0 in the master reference frame: 

(
𝐿𝑥𝑘0

𝐿𝑦𝑘0
) = 𝑇𝑘 𝑉⃗⃑𝑘 = 𝑇𝑘𝐿𝑘 (

0
1
) = (

𝑐𝑜𝑠𝑘 𝑠𝑖𝑛𝑘

−𝑠𝑖𝑛𝑘 𝑐𝑜𝑠𝑘
) 𝐿𝑘 (

0
1
)  

 (14)  
Leading to: 

 𝐿𝑥𝑘0 = 𝐿𝑘𝑠𝑖𝑛𝑘 (15) 

 

 𝐿𝑦𝑘0 = 𝐿𝑘𝑐𝑜𝑠𝑘 (16) 

The total stray inductance can now be obtained by adding 

each component along the x0 axis with each component along 

the y0 axis divided by the total number of reference frames k. 

Thus, the total stray inductance in x0 axis Lxo is,   

 

 𝐿𝑥0 = ∑ 𝐿𝑘𝑠𝑖𝑛𝑘
15
𝑘=1  (17) 

 
and the total stray inductance in y0 axis Lyo is given as,   

 

 𝐿𝑦0 = ∑ 𝐿𝑘𝑐𝑜𝑠𝑘
15
𝑘=1   (18) 

 

By measuring the angles using the geometry of the position of 

the port with respect to the position of the master reference 

frame the total stray inductances can be calculated to 

𝐿0 =
√𝐿𝑥0

2 +𝐿𝑦0
2

15
          (19) 

Utilizing the stray inductances from Fig.2 the total stray 

inductances in x0 and y0 directions are calculated as 𝐿𝑥0 =
180.71nH and 𝐿𝑦0 = 482.57nH and the total stray 

inductance is obtained as,  

𝐿0 =
√𝐿𝑥0

2 +𝐿𝑦0
2

15
=

√(180.71𝑛𝐻)2 +(482.57𝑛𝐻)2

15
= 34.353nH  (20) 

 

Comparing the total stray inductance shown in (20) with the 

total stray inductance shown in Fig.2 there is only a marginal 

difference of 0.346 nH which is a clear indicator that our 

proposed method almost correctly calculates the total stray 

inductance by measuring the individual stray inductances.  

Similarly, the total stray inductance of the busbar B is 

calculated as 40.856nH by using the method proposed above. 

Compared with the total stray inductance from the simulated 

result of 39.957 nH in Fig.2 for busbar B, the synthesized 

value of inductance is less than the simulated result with only 

a difference of 0.899nH, which successfully validate the 

effectiveness of the proposed method.  

B. Analytical calculation of the contribution 

 
(a)  

 
(b) 

Fig. 7. Inductance contribution percentages of ports (a) busbar A (b) 

busbar B 

The contribution percentages of different ports for busbar A 

can be analyzed according to the equation shown below,  

kp

0

= 100%
15

L

L
                                   (21) 

Where Lkp is a projection of kth inductance at the kth port on 

the direction of total inductance. The subscript of p denotes 

meaning of projection. On the low inductance busbar A, every 

row has five ports. According to (21), inductance 

contributions at different ports to the total stray inductance of 

busbar A and busbar B can be analyzed and the results are 

presented in the form of dispersed points as shown in Fig. 7. It 

can be seen that the ports located near borders contribute less 

inductance than those near center.  
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IV. MEASUREMENT OF INDUCTANCES 

A. Connection Leads 

Due to the low value of stray inductance of laminated 

planar busbars, the connection lead between the impedance 

analyzer and the ports plays an important role. On the one 

hand the inductance of the lead must be as small as possible, 

but on the other hand, the lead must be long enough to 

physically connect the equipment with the busbar. In order to 

understand the cause of the measurement error, four kinds of 

connecting leads are designed to connect to the impedance 

analyzer. The first lead is a twisted insulated lead with 

alligator terminals with a length of 230 mm as shown in the 

most left of Fig.8 (a). The second lead is a twisted insulated 

lead with copper cylinder terminals as shown in the second 

from left of Fig.8 (a), and it has the same length of 230 mm. 

The third lead is a closely parallel enamel lead and the fourth 

lead is a twisted enamel lead as shown in Fig.8 (a). Both of the 

lengths of lead No.3 and No.4 is 200 mm. These two leads are 

all with copper cylinder plates. Clips at the terminal of leads 

are used to connect to the port of the busbar whereas copper 

cylinder each at the terminal that can be physically inserted 

into the holes of the poles by imposing a light force on the 

cylinder contact. Two tests are conducted using the parallel 

enamel leads. In Test-A, as shown in Fig.8 (b), the terminals of 

the cylindrical contacts are put into the hole of the measuring 

port. In Test-B, as shown in Fig.8 (c), the terminals of the 

cylindrical contacts are put closely onto the poles of the 

measuring port.  

 
（a） 

 
（b） 

 
（c） 

Fig. 8 (a) Twisted insulated leads with alligator clips, twisted insulated 
leads with a cylinder contacts, parallel enamel leads and twisted 
enamel leads, respectively, from left to right. (b) Test-A- measurement 
contacts are put into the poles of the measuring port. (c) Test-B- 
measurement contacts are put on the plane near the measured input 
port. 

B. Compensation procedure 

The impedance analyzer Agilent 4294A was used for this 

experiment. The 4294A covers a test-frequency range between 

40 Hz to 110 MHz and can inject RMS voltages between 5mV 

and 1V. The impedance accuracy is stated as +/- 0.08% 

[26]. As with any impedance analyzer, the connection leads 

will impact on the measurement due to the lead residual 

impedance and stray admittance. In order to calculate these 

values, two tests must be conducted. The open circuit test 

provides the stray admittance value and the short circuit test 

provides the residual impedance value. The short link that has 

been used has a length of 39mm, a width of 7mm and 

thickness of 1mm. The inductance of this short link is 

subtracted automatically by the impedance analyzer during 

post-processing. Also, tests using twisted insulated leads were 

conducted. In addition to the automatic compensation by the 

impedance analyzer, measurement results can also be 

compensated manually. Some tests have been conducted to 

investigate the difference by using both compensation 

methods.  

 
Fig. 9 The comparison of inductances using automatic and manual 
compensation for Port 1. 

Fig. 9 illustrates a comparison of automatic and manual 

compensated measurement inductances for port 1, in which 

the manual measurement inductance is obtained by 

subtracting lead inductance from the total inductance. The 

twisted insulated lead is used as a connection in this study and 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

the results show that the inductance difference is stable with a 

small variation, about 2-3 nH at the frequency range of 

40Hz-6MHz.  

C.   Experimental Results 

 
Fig. 10 The self-inductance of four kinds of leads 

 
Fig.11 Measured stray inductances L1 to L15 using four kinds of lead 

（unit: nH） 

The test results of self-inductance of four types of leads are 

shown in Fig. 10. It can be seen that the value of the twisted 

insulated lead with alligator clips is largest and it is basically 

the same as that of a twisted insulated lead with cylinder 

contacts. The self-inductance of parallel enamel lead indicates 

the smallest value and it is nearly one-third of the 

self-inductance of twisted insulated lead. The twisted 

insulated lead is widely used as a connection for electric 

measurement and its self-inductance is normally neglected in 

the measurement. However, this result shows that it cannot be 

the ideal connection lead for the low inductance measurement. 

Since the inductance to be measured is within a few dozen 

nano-Henry which is much smaller than the self-inductance. 

At low frequency stage internal self- inductance is 

proportional to reciprocal of square root of frequency. With 

the increase of frequency, due to skin effect penetration depth 

of electromagnetic field (EM) is obviously decreased. 

According to a depth of EM penetration of (22) 

1
=

2 f


 
                             (22) 

at a frequency of 841 kHz, depth of penetration of copper 

cylinder wire is 0.0508 mm, where the electrical conductivity 

γ is 5.8ⅹ107 S/m, the magnetic permeability of μ is 4πⅹ

10-7H/m, and frequency f is 841ⅹ103 Hz. With an increase in 

frequency, the depth of penetration is decreased and the 

internal self-inductance is reduced dramatically. At the 

frequency of 841 kHz, the internal self- inductance is very 

small which can be neglected and the self-inductance is only 

dominant by the external self-inductance. Therefore, at high 

frequency stage the self-inductances of four kinds of leads are 

basically constant. This can be verified by the results as shown 

in Fig. 10. In addition, because the thickness of insulation of 

the twisted insulated lead is much larger than the insulating 

coat of the enamel lead, the self-inductance of the twisted 

leads much large than that of the enamel lead. 

The measured stray inductances for each port with different 

lead styles and connection points are summarized in Fig.11.  

TABLE I 
MEASURED STRAY INDUCTANCES L1 TO L15 USING ENAMEL LEADS (TEST-A 

AND TEST-B) （UNIT: nH） 

Port number  

 

Test-A Absolute error Test-B Absolute error 

1 40.9066 -0.2884 43.3880 2.1930 

2 40.8929 0.5759 42.7323 2.4153 

3 39.2316 -0.3774 42.5484 2.9394 

4 39.8389 0.1209 40.7275 1.0095 

5 40.2130 -0.9160 40.9729 -0.1561 

6 39.2578 -1.3452 41.0006 0.3976 

7 38.5843 -0.3267 40.4940 1.5830 

8 38.4930 -1.8090 41.3396 1.0376 

9 40.5295 1.3195 40.7685 1.5585 

10 40.3615 -2.1805 40.8374 -1.7046 

11 37.0591 -3.0469 42.5085 2.4025 

12 42.6704 3.2934 41.8359 2.4589 

13 41.5910 -1.1500 40.4943 -2.2467 

14 42.4809 1.8659 40.4613 -0.1537 

15 41.6401 0.2761 41.4484 0.0844 

 

The inductances measured by Test-A and Test-B and 

corresponding errors relative to simulated inductances at the 

respective port are given in Table I. It can be seen that from 

port number 1 to port number 11, the stray inductances 

measured using Test-A are always less compared to the stray 

inductance measured with Test-B with the biggest difference 

of 5.4494 nH at Port 11. And from port 12 to port 15 the stray 

inductances measured using Test-A are always larger 

compared to the stray inductance measured with Test-B with 

the biggest difference of 2.0196 nH at Port 14. These 

phenomena can be attributed to the variation of parameters of 

equivalent length of current and equivalent current width from 

(3). However, from the electromagnetic point of view, it is due 

to end effect and fringing effect. Since more input end effect is 

introduced in Test-B than Test-A, the inductances measured 

by Test-B are larger than that by Test-A from port 1 to port 11. 

The results also mean that the connection method to the 

busbar has much effect on the measurement of the stray 

inductances. This observation was already established through 
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simulation (Section II.B). The absolute errors, with respect to 

results by FEM analysis, are also given in Table. I. It is evident 

that the measured inductances by Test-A and Test-B are varied 

which relates to a specific position of each port. In reality, the 

capacitors are connected through the hole of the connection 

ports. Hence, Test-A is considered as the optimum connection 

since it is mimicking the real environment when it comes to 

excitation.  

Fig. 12(a) presents the comparison of the measured 

inductances using both schemes of Test-A and Test-B at 

different frequencies for Port 1. The frequency range is from 

40 Hz to 10 MHz in Fig. 12(a). From this figure, it can be 

observed that the stray inductances measured with Test-B are 

higher compared to Test-A. When the frequencies are above 1 

MHz, the differences between them become nearly constant. 

Fig. 12(b) shows the inductances obtained by FEM simulation 

using both schemes of Test-A and Test-B at different 

frequencies at Port 1, where the inductances computed by 

scanned mode and by single frequency point are compared. It 

can be seen that the simulated inductances obtained by 

frequency scanning are larger than that by a single frequency 

method in both Test-A and Test-B.  

 
(a) 

 
(b) 

Fig. 12 (a) Comparisons of stray inductances measured by schemes of 

Test-A and Test-B using frequency scanning. (b) Comparisons of stray 

inductances simulated by FEM for schemes of Test-A and Test-B at 

different excitation frequencies.  

V. COMPARISON BETWEEN ANALYTICAL WORK, FEM 

SIMULATION AND EXPERIMENTAL RESULTS 

By applying the proposed vector synthesis method, the 

synthesized stray inductances can be calculated using five 

schemes of measurement as listed in the second column of 

Table II. Compared with the simulated total inductances of 

34.699nH in Fig.2, the absolute errors and relative errors are 

calculated and listed in third and fourth columns of Table II. 

These results show that the relative errors of synthesized 

inductances using parallel enamel leads are better than that 

using the other three leads.  

Using (19) the total stray inductance is calculated as 

34.0721 nH for Test-A and 35.1790nH for Test-B. The FEM 

simulation provides a total stray inductance of 34.699nH 

based on open holes in the ports that connect with the 

capacitors. Thus, the simulation results can be compared with 

Test-B results and the difference between them is just 0.48nH. 

This difference in Test-A is -0.6269 nH. Thus, the difference 

from Test-B is slightly smaller than that from Test-A. These 

results show that the proposed method can be successfully 

applied to determine the stray inductance almost accurately. 

TABLE II 
COMPARISON OF SYNTHESIZED STRAY INDUCTANCES FOR FIVE SCHEMES OF 

MEASUREMENT RELATIVE TO FEM SIMULATION（UNIT: nH） 

 

 
synthesized 

inductance 

Absolute 

error 
Relative error 

Twisted lead 36.1581 1.4591 4.205% 

Twisted lead with 

copper cylinder 
36.6421 1.9431 5.601% 

Parallel enamel lead 

(Test-A) 
34.0721 -0.6269 -1.807% 

Parallel enamel lead 

(Test-B) 
35.1790 0.48 1.383% 

Twisted enamel 

lead 
33.472 -1.227 -3.536% 

Placing the contacts ends of the enamel leads in the hole of 

the contact ports provides a more realistic environment 

(Test-A). Due to different injection of exciting currents of both 

schemes of Test-A and Test-B being different, their end effects 

on inductances are different. The stray inductance determined 

by Test-A is reduced by 1.1069 nH compared to when the 

contacts ends are placed beside the whole (Test-B). Results 

from the proposed method using Test-A and Test-B can also be 

compared with the classical measurement procedure which 

measures the stray inductance from the center of the busbar. 

Port 8 is the center of the busbar which reports values of 

38.4930 nH for Test-A and 41.3396nH for Test-B. Comparing 

these values with the results obtained using the proposed 

method, i.e. 34.0721nH (Test-A) and 35.1790nH (Test-B) 

concludes that the proposed method increases the 

measurement accuracy by 11.5% when using Test-A and by 

14.9% when using Test-B.  

VI. CONCLUSIONS  

A vector synthesis method to determine the stray 

inductance of low inductive laminated planar busbars by using 
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an impedance analyzer was proposed. The stray inductance 

from each capacitor port is measured and the value is mapped 

onto a x-y-z reference frame for each port. This mapping 

allows that each measurement can be vectored. Using the 

reference frame transformation theory, all the reference 

frames are aligned with one master reference frame. 

Subsequently, all the vectors undergo a transformation 

resulting in the calculation of the total stray inductance. The 

method was applied for two H-bridge low inductive laminated 

planar busbars that connect to 15 and 16 capacitors, 

respectively. FEM simulation shows that the busbars have 

stray inductances of 34.699nH and 39.957nH, respectively. 

The paper compares four different measurement methods to 

validate the proposed method based on busbar A with 15 input 

ports. The use of twisted insulated leads produced 

unsatisfactory results, and the enamel leads form the better 

option. Placing the contact ends of the enamel leads in the hole 

of the contact ports provides a more realistic environment 

(Test-A). The stray inductance for Test-A using the proposed 

method has a difference of 1.1069nH compared to when the 

contact ends are placed beside the hole (Test-B). Through 

comparison of self-inductance of the twisted insulated leads 

with that of the enamel leads, it can be proven that the enamel 

lead is more suitable for low inductance measurement due to 

its low value and increased measurement accuracy. When 

comparing the proposed method with the classical stray 

inductance measurement method (i.e. center-based 

measurement) the accuracy of the proposed method improves 

by 11.5% for Test-A and 14.9% for Test-B. The proposed 

method has so far been applied to planar structures. More 

research is required to investigate the accuracy of the method 

when applied to more complex bus bar structures. 
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