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Abstract: At present, the DC busbar design is one of the bottlenecks restricting the improvement of
the power density of motor drives. Therefore, this paper proposes a three-dimensional line probe
algorithm, which can realize the automatic routing of laminated busbar in motor drives. The specific
rules and implementation of this method are introduced in detail in this paper. Finally, an example
of busbar design of a vehicle motor drive is given to verify the routing rate and execution speed of
the algorithm.

Keywords: motor drive for EV; three-dimensional line probe algorithm; DC busbar

1. Introduction

To cope with the pollution problem caused by automobile exhaust emissions, govern-
ments around the world have strongly supported the development of electric vehicles. As
a result, electric vehicles have gained an increasing market share [1-4]. As one of the three
core technologies of electric vehicles, high power density and high efficiency motor drive
is a key factor affecting costs of whole vehicles [5-9]. Compared with traditional silicon
devices, wide band-gap devices have several advantages, such as high switching frequency,
small on-resistance, high operation temperature and high blocking voltage [8,10,11]. High
switching frequency can support high speed motor with a smaller torque vibration at high
speed, and DC busbar capacitors can be optimized to reduce the volume of the whole
machine [12]. However, high switching frequency requires low stray inductance of DC
busbar. High stray inductance will push power devices to high voltage spikes, which
makes them easily damaged [13,14]. Therefore, the low stray inductance design of DC
busbar is of great significance to the power density and reliability of motor drive.

Compared with the traditional copper bar, the laminated busbar has the advantages
of low stray inductance and uniform current distribution, which has become the main
connection component in power converters [15]. The laminated busbar with lower stray
inductance can reduce the voltage stress of the power device and improve the thermal
management to some extent. Distributed capacitors have better heat dissipation but require
a careful busbar design. Therefore, the use of the busbar with low stray parameters can
further decrease the volume of the whole system and make it more compact [16,17].

Many researchers have analyzed and studied the design and optimization of bus-
bars. References [18,19] studied the positions of openings and holes in the busbar. By
adjusting the positions of openings and holes in the stacked busbar, the stray inductors
in the commutator circuit of power devices were kept symmetrical. A design method for
a low sensitivity busbar was proposed to improve the current flow path. Reference [20]
studied the influence of busbar size, hole and connecting terminal on stray parameters of
the busbar, and obtained the influence of different physical structures on stray inductance
of the busbar. References [21,22] studied the structural parameters of laminated busbars,
simulated and analyzed the influence of different physical structures on the overall stray
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inductance of busbars, and proposed the theoretical calculation method of stray inductance
of busbars and structural parameters of busbars. According to the above references, there
are three main principles for busbar design: (1) the placement of devices is perpendic-
ular to the direction of the current; (2) as far as possible each floor bus should be tiled;
(3) the area of the hole should be minimized under the condition of ensuring insulation. At
present, busbar design is mainly based on the experience of designers, which leads to low
design efficiency, inconstancy and low feasibility. To solve these difficulties in laminated
busbar layout, this paper proposes an automatic three-dimensional line probe method for
busbar interconnection, which can improve the efficiency of routing. This method fills
the gap between PCB routing and 3D busbar routing and provides design guidelines for
converter designers.

2. Three-Dimensional Line Probe Algorithm

VLSI design is usually divided into layout design and wiring design. The wiring
design is an important part of the whole design and takes up 25%~50% of the total design
time [23]. The integration design of motor drives can learn from VLSI design and the
idea of power module automatic layout. However, unlike VLSI routing, busbar routing is
designed in a three-dimensional space, which makes wiring more complex and takes more
design time. Thus, it is necessary to make some improvements and modifications to VLSI
routing algorithms. Lie’s maze algorithm can find the best path between any two points on
a plane if there is a feasible path [18]. The algorithm is widely used because of its simplicity.
However, when converter systems become complex, Lie’s maze algorithm always takes
too much time and has storage issues. To solve the problem, Hightower and Mikaami
introduced the line exploration algorithm. Compared with the Lie’s maze algorithm, the
line probe algorithm requires much less storage space and exploration time.

The basic process of line probe algorithm in two-dimensional plane is depicted in
Figure 1. First, an escape line is generated at the source and target point, and stored in
Slist and Tlist, respectively. The escape line cannot pass through obstacles. In Slist and
Tlist, if intersecting segments appear, the exploration process is complete. Otherwise, a
new escape line is generated and added to Slist and Tlist. The new escape line is generated
from the escape point on the last escape line. By repeating the process, the final routing can
be realized. Only if a intersecting line appears between Slist and Tlist, a routing solution
comes, and a tracing back will be conducted to both sides to form the connection.

v |
Generate escape |line at the Generates an escape point on
escape Point an escape line

A

Whether the escape line
et Slist and Tlist intersec

Figure 1. Design process of line exploration algorithm.

The design flow of line probe algorithm in 3D space proposed in this paper is similar
to the above 2D designs. The inverter system of a motor drive is mainly composed of bus
capacitors, power modules, driving boards, control boards and other components. For
facilitating the algorithm design, each component can be approximated to a cube of equal
volume, as shown in Figure 2. Each component is regarded as an obstacle to the wiring
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of busbar, and the completed wiring in busbar is also seen as a new obstacle. Therefore,
according to the characteristics of the vehicle motor drives, the wiring obstacles in the
three-dimensional space can be classified into two categories, surface and line obstacles.

P.nnq

I ’

1

(a) (b) (c)

(d) (e) ()

Figure 2. (a) Power module, (b) The equivalent cube of the power module, (c) A model of a power
module and its connecting terminals in a program, (d) Capacitor core, (e) The equivalent cube of a
capacitor core, (f) The model of the capacitor core and its connecting terminals in the program.

To reduce the storage space and the search time, the three-dimensional line exploration
algorithm proposed in this paper does not divide the entire wiring space into grids. Instead,
it uses the relationship between point and surface, point and line to explore the path. As
shown in Figure 3, the relationship between point and surface refers to that the surface
obstacle is in the orthogonal directions of x-axis, y-axis and z-axis of the point. As shown in
Figure 4, the relationship between point and line means that the line becomes an obstacle
to escape lines generated from the escape point to x-axis, y-axis and z-axis. Through the
relationship between points, surfaces and lines, the escape line from an escape point can be
figured out. Finally, whether a connected path exists is determined by judging line-segment
intersects between Slist and Tlist.

The intersection of two line-segments in Slist and Tlist has three types, i.e., intersection
planes parallel to the xoz plane, the xoy plane and the yoz plane, as shown in Figure 5.
Therefore, the determination of line intersection can be converted into the determination
of whether two line-segments intersect on the plane. For example, for the case of two
line-segments parallel to xoy, the possible relationships between two line-segments on the
plane is depicted in Figure 6. In Figure 6, the intersections of two lines are (a), (b) and (e).
Therefore, only line-segments intersects need to be judged, according to the above three
situations. As shown in Figure 6a, the necessary and sufficient condition for the intersection
of line-segment [,;, and 4 is, point a and point b are on the opposite sides of line-segment

l.q, and points ¢, point d are on the opposite sides of line-segment [;,. According to the
=

cross product of the vector, the judgement of intersection can be interpreted as, ab x ad
— — - =

is different from ab x ac, and cd x ca is different from cd x cb. The situation in Figure 6b

can be regarded as a special case of Figure 6a. In Figure 6b, line-segment /,. and [,;, are

collinear. Therefore, for the situation in Figure 6b, the judgement of intersection can be
- = —

-
interpreted as, one value of ab x cd and ab x c?c is equal to 0, and cd x 671 is different from

—
cd x cb. For the case where two lines are parallel, as shown in Figure 6c—e, only Figure 6e
has the intersected lines. Therefore, if two parallel line segments intersect, they must be
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collinear. However, their intersecting is not necessarily guaranteed if they are collinear. As
shown in Figure 6e, to ensure the intersection, the starting point of /;; must be less than or
equal to the starting point of /4, and the starting point of /.; must be less than or equal to
the end point of /.

(a) (b) (©)

Figure 3. (a) The surface obstacle is in the orthogonal directions of x-axis. (b) The surface obstacle is
in the orthogonal directions of y-axis. (c) The surface obstacle is in the orthogonal directions of z-axis.

(a) (b) (c)

Figure 4. (a) The line obstacle is in the orthogonal directions of z-axis. (b) The line obstacle is in the
orthogonal directions of x-axis. (c) The line obstacle is in the orthogonal directions of y-axis.

(a) (b) (c)

Figure 5. Three cases of intersection of two line- segments in Slist and Tlist. (a) The intersection plane

. y
1

i X,
O

is parallel to xoz. (b) The intersection plane is parallel to xoy. (c) The intersection plane is parallel
to yoz.

c
a b “Qi b
b

(a) (b) (c) (d) (e)

d

Figure 6. Intersection of two line-segments in a plane; (a,b) shows the two line-segments are
perpendicular; (c—e) shows the two line-segments are parallel.
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3. The Implement of Three-Dimensional Line Probe Algorithm
in Three-Dimensional Space

To implement the three-dimensional line probe algorithm, the first job is to determine
the escape line. As introduced in Section 2, the wiring obstacles include surfaces and lines.
Different from the two-dimensional plane, the three-dimensional line probe algorithm
needs to extend escape lines in multiple directions at the same time. As demonstrated
in Figure 7, the source point S elongates in six orthogonal directions to x-axis, y-axis and
z axis at the same time. It does not stop the elongation until encountering obstacles (lines
or planes). As can be seen from Figure 7b, the escape line (red dotted line) of point S along
z-axis stops the elongating when it encounters line obstacles. Because the escape line along
the y-axis never encounter any obstacles, it can elongate infinitely. To avoid this issue, the
boundary constraint of the whole system is added, which is equivalent to the shell of the
motor drive.

Figure 7. (a)The source point S stop the elongation for encountering obstacles (lines or planes).
(b) Coordinate selection of the escape point. (c) The extension of new escape points.

The second issue is the selection of escape points. As showed in Figure 7b, it is
assumed that the endpoint position of the escape line /,;, in x-axis direction are S;(x,,¥4,24)
and Sy, (x3,Yp,2p), respectively. Taking the escape points along the x-axis as an example, the
position of the left escape point Syq is (x; + U, Y4,2,), and the position of the right escape
point Sy is (x; — u, yp,2p), where u is the minimum wiring spacing. Similarly, the positions
of escape points in y-axis and z-axis directions can be defined.

Then, new escape lines are generated from the new escape points Sy1 and Sy,. Different
from escape lines generated from the source point S, new escape lines are generated from
both the escape points Sy; and Sxp, and only towards the ¥ and z axes, as is shown
in Figure 7c.

Similarly, the same operations from the target point T can be conducted, and recorded
in Tlist, until there is an intersection point between the line-segments in Slist and Tlist.
Then, a tracing back will be carried out, and the connection of all intersections comes to the
routing plan.

4. Verification of the Three-Dimensional Line Probe Algorithm

To verify the feasibility of the three-dimensional line probe algorithm, the busbar of
a 50 kW vehicle motor drive is designed. The inverter is composed of eight capacitors
in parallel and one three-phase power module. The parameters of the components are
listed in Table 1, and the connection point positions are listed in Table 2. The positions
of the components are randomly placed to verify the routing capability of the presented
algorithm. The experimental results are shown in Table 3. One thousand layouts are
randomly generated, and the average routing time of each layout mode is 0.6943 s, the
maximum routing time is 1.7359 s.
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Table 1. Parameters of each component of vehicle motor drive.

Component Length Width Heigth Number
Power module 140 113 17.5 1
Busbar 282 60 27.1 8
capacitance
Driver board 140 102 7 1
Control panel 85 60 5.5 1
Heat Sink 105 50 8 1

Table 2. Connection point location of bus capacitance and power module.

Component Positive Terminal Negative Terminal
Power module (59, 7.5,17.6) (81,7.5,17.6)
Busbar capacitance (-1, 30, 13.55) (29.3, 30, 13.55)

Table 3. Routing speed of three-dimensional line probe algorithm.

Number of Randomly .. . . .. . .
Generated Layouts Average Wiring Time Maximum Wiring Time Completion Rate
1000 0.6943 1.7359 100%

For example, the randomly generated layouts are shown in Figures 8a, 9a and 10a, and
the wiring results of each are shown in Figures 8c, 9c and 10c. The red line is the positive
connection of the busbar, and the black line is the negative connection of the busbar.

&

8 8 &8 8

-

(a) (b) (©

Figure 8. (a) The randomly generated layouts; (b) the routing results of our routing algorithm; (c) the
final result of the bus connection.

(@) (b) (©)

Figure 9. (a) The randomly generated layouts; (b) the routing results of our routing algorithm; (c) the
final result of the bus connection.
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200

(@) (b) (c)
Figure 10. (a) The randomly generated layouts; (b) the routing results of our routing algorithm; (c)
the final result of the bus connection.

5. Expansion of Bus Structure

The line skeleton of the bus can be obtained by the three-dimensional line probe
algorithm, but the width of the bus is not negligible. Therefore, after the three-dimensional
line probing is conducted to form the skeleton of a bus, it is necessary to further expand it
and finally complete the design of the bus. When routing is completed, plane expansion
is required for the bus in the same plane. First of all, all the wiring needs to identify the
specific position of all the line segments in space (including the direction of the line segment
and its obstacles in different directions of expansion). Secondly, the expansion of the bus
is completed according to some expansion rules of the bus. The basic expansion rules
aim at making the structure of the whole system more compact. As shown in Figure 11,
it is assumed that a bus of 10 mm width and 1 mm thickness is to be passed between
two horizontal distributed components. To make the system structure more compact, the
horizontal spacing between elements d is minimized. According to the above busbar rules,
when the direction of the busbar is the z-axis direction, the busbar extension mode is shown
in Scheme (D in Figure 11b. If the direction of the bus is in y-axis direction, scheme (&) in
Figure 11b should be selected according to the above rules.

@ @
A I

o p®
z /3; é: %

(a) (b)

Figure 11. (a) A situation where two components are distributed horizontally; (b) Different ways of
spreading through the bus between two components distributed horizontally.

Another example is shown in Figure 12. It is assumed that a bus with a width of
10 mm and a thickness of 1 mm is to be passed between the upper and lower distributed
components. When the direction of the bus is in the y-axis direction, according to design
rules, the scheme (1) shown in Figure 12b should be selected. If the direction of the bus is
in the direction of the x-axis, scheme (2 in Figure 12b should be selected according to the
above busbar expansion design rules.

To verify the feasibility of the bus automatic design method proposed in this paper,
an automatic bus design of a vehicle motor drive controller with a peak power of 85 kW
was conducted. With the help of a genetic algorithm, the busbar was optimized with the
presented line probing method, the design result of the busbar is shown in Figure 13, with
the original capacitance and power module shown in Figure 13a. According to the bus
design results in Figure 13b, the actual bus structure designed in SolidWorks is shown in
Figure 13c. The explosion diagram of the whole motor controller is shown in Figure 13d.
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(b)
Figure 12. (a) A situation where two components are distributed vertically; (b) Different ways of
spreading through the bus between two components distributed vertically.

(©) (d)

Figure 13. (a) Layout of bus capacitance and power modules; (b) Results of automatic bus de-
sign; (c) 3D model of the actual bus designed according to the results of the automatic bus design;

(d) Explosion diagram of the entire motor controller.

To verify the low stray inductance of the designed bus, a double-pulse test was
carried out on the designed bus. The device tested is a MD300FFC120P3H SiC MOSFET
from Starpower (Jiaxing city, China) and the test conditions are, load inductance 45 pH,
Rg =10 O, Ugg = +20 V/—5 V. The test waveform under the conduction conditions of
600 V/300 A is shown in Figure 14. Test data of stray inductance are shown in Table 4,
where it can be seen that the stray of the bus is less than 38 nH and the bus meets the design

requirements of the motor control system.

0.0V ) [100ns. X T00A T00Y 750V 0.0V
i-v32.7164us ) (1 fors2.57

Figure 14. (a) Al of the test waveform under the conduction condition of 600 V /300 A; (b) AU of the
test waveform under the conduction condition of 600 V /300 A.
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Table 4. Stray inductance test data of bus.

Udc/V Conduction Time/us Ic/A AU/V Al/A AT/ns Stray Inductance/nH

600

22

300 120 200 63 38

Finally, the design method proposed in this paper is compared with the methods of other
groups, as shown in Table 5. As can be seen from Table 5, the current busbar design method
is mainly based on the results of Ansys Q3D simulation software to summarize the rules,
repeatedly adjust the structure of the busbar, and the design cycle is long. According to the
research of other teams, the bus design rules are obtained, and the automatic bus design is
realized by combining with the three-dimensional line probe algorithm. Moreover, the model
of the components in the proposed method can be modified according to the needs, which is
beneficial to the overall integrated optimization design of the motor control system.

Table 5. Comparison of busbar design methods among different teams.

Busbar Design Method

The Time to Design a Bus
Structure in the Same Design Principles Implementation
Component Layout

Literature [18,19]

The opening size and punching position on
A few hours or more the busbar were adjusted according to the manual
simulation results of Q3D software

According to the simulation results of Q3D
software, the size of the busbar, the structure

Literature [20-22] A few hours or more of the opening and the connecting terminal manual
are adjusted
Meth:)}(j spézg :ed m The average time is 0.6943 s The three principles of busbar design automatic

6. Conclusions

A three-dimensional line probe algorithm to solve the busbar design issue of a motor
drive is proposed in this paper, where the principle and design flow of the method are
described in detail, and the model expression of the motor controller components in the
algorithm is introduced. One thousand layouts are tested as an example in a short time and
three typical connections are shown. According to the automatic design method proposed
in this paper, the development of a physical prototype is completed. The experimental
results verify that the bus design method can meet the requirements of actual inverters.

Finally, the existing busbar design methods and the proposed method are compared.
Future research may focus on further improvements to three-dimensional line probe
algorithm, such as goal-driven active exploration to minimize point-to-point distance.
In summary, the problem of automatic wiring of a busbar can be solved by the method
proposed in this paper, which lays a good foundation for the integration design of a motor
drive systems in EV applications.
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