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Preface to "Electric Systems for Transportation”

Transportation systems play a major role in the reduction of energy consumptions and
environmental impact all over the world. The significant amount of energy of transport systems
forces the adoption of new solutions to ensure their performance with energy-saving and reduced
environmental impact. In this context, technologies and materials, devices and systems, design
methods, and management techniques, related to the electrical power systems for transportation
are continuously improving thanks to research activities. The main common challenge in all the
applications concerns the adoption of innovative solutions that can improve existing transportation

systems in terms of efficiency and sustainability.

Maria Carmen Falvo, Alessandro Ruvio
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Abstract: Globally, the use of electric vehicles, and in particular the use of electric buses, has been
increasing. The city of Nanjing leads China in the adoption of electric buses, supported by city policies
and infrastructure. To lower costs and provide a better service, vehicle selection is crucial, however,
existing selection methods are limited. Accordingly, Nanjing Bus Company developed a test method
based on road tests to select a bus. This paper presents a detailed description of the test method and a
case study of its application. The method included an organization structure, selection of eight test
vehicles (four 10 m length, four 8 m length) from four brands (a total of 32 test vehicles), selection of
indicators and selection of routes. Data was collected from repeated drives by 65 drivers over an
8-week period. Indicators included power consumption, charging duration, failure duration and
driving distance. It is concluded that the road test method designed and conducted by the Nanjing
Bus Company provides a good framework for the selection of pure electric buses. Furthermore,
subsequent experience with selected buses supports the validity and value of the model.

Keywords: electric bus; vehicle selection; road operation test; sustainable development

1. Introduction

In recent years, the demand for improved transportation systems has been on the rise owing
to the enhancements in the quality of individual living. Public transportation plays an increasingly
significant role in urban centers worldwide in the terms of its economic, environmental and sustainable
capacity [1]. As part of the expansion of urban public transport networks, bus transit systems make up
a growing proportion of urban passenger transport. There were 608,600 public buses in China by 2017.
At this time, the passenger volume for the bus transit system was approximately 74.5 billion annually,
accounting for 58% of the total urban passenger transport volume, which was far more than the rail
transport volume [2].

However, concerns regarding air pollution triggered by the emission of traffic exhausts are
unavoidable. Consequently, the appeal for the amelioration of air quality to guarantee a certain
standard of living led considerable attention to the electrification of urban transportation systems [3].
It is noteworthy that the use of electric buses is not a new concept. The use of battery-powered electric
buses can be traced back to the early 2000s, which matured gradually during the mid-2000s, followed
by dramatic developments during the past decade [3].

Energy efficient vehicles are being promoted worldwide as an acceptable approach to address
vehicle-based air pollution. Some developed countries, like the United States and Sweden, are making
efforts to improve energy efficiency and reduce the use of fossil-fuel buses in mass transit systems [4].

Energies 2020, 13, 1253; d0i:10.3390/en13051253 1 www.mdpi.com/journal/energies
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Nevertheless, China has been increasing its number of fossil-fuel vehicles rapidly—vehicles with
comparatively high emissions and excessive energy usage, which has resulted in severe health, energy
and congestion problems [5]. In order to address this dilemma, and keep the pace of the trend of global
cities, China has been embracing the use of pure electric buses owing to their characteristics of zero
emissions, low noise, superior driving stability and good economic efficiency [6].

The Chinese government has promulgated policies to support this transition, such as financial
subsidies for bus-related industries and companies to vigorously promote the use of electric buses [7].
In 2015, Green development has become a national strategy [8], and national ministries have enacted
some approaches to managing a mass transit infrastructure in relation to electric vehicles [9].

Vehicle performance indicators are fundamental factors for selecting the proper bus type. However,
certain weaknesses of pure electric buses, such as a relatively short endurance mileage and a long
charging time, are pending obstacles to be overcome. Therefore, the selection process for pure electric
buses is more complicated than it is for common buses.

There are three generally accepted methods used to carry out dynamic behavior testing of new
electric vehicles—computer simulation test, test bench simulation, and road testing [10].

Compared with the first two methods, which have shorter test cycles and lower costs and are
generally used by manufacturers, road tests are more intuitive to reflect the vehicle properties, as the
consequence of their superior capacity to provide accurate results in a setting close to real operational
conditions, thus increasing the reliability for bus companies to test vehicle performance.

In regard to the selection of electric vehicles, Zhang et al. concluded that the evaluation and
selection of new electric vehicles from certain developed countries like United States, Germany and
Japan, relies on relevant research institutions and is based on the advanced vehicle testing activity
and fuel cell technology [11], however, it is not the case in China. Although Chinese government
has enacted several standards related to pure electric vehicles in terms of basic safety and power
systems [12], the selection processes based only on the minimum criteria set out in these standards is
inadequate and may not provide sufficient information relevant to actual operation.

In spite of the aforementioned policy deficiency in the standard setting of the pure electric vehicle
selection, some research has been conducted in light of the assessment of the pure electric buses,
defining some critical performance indicators of the pure electric buses, which can serve as a reference
for the selection, e.g.,, Wang and Zheng used energy consumption per kilometer to evaluate the
economic efficiency of pure electric buses [13]. An analysis by Wan et al. argued that that vehicle
purchase cost, maintenance cost and energy consumption should be taken into account as well [14].

More recently, Li stated that, in Urumgqi, when comparing two different buses and Bus Rapid
Transit (BRT) vehicles from different manufacturers, energy consumption and service life should be
used [15]. Zhang et al. compared the speed and power consumption of several kinds of electric buses
in Kunming and several other cities using road tests [11].

However, there are two main limitations lying in the existing research: (1) The assessment for the
pure electric buses is not systematic enough, and thus couldn’t provide a clear guidance. (2) The current
studies focus on the definition and establishment of theoretical indicators but lack practical validation
and specific implementation of the current assessment evaluation model. (3) The environmental impact
of electric buses should be emphasized more in the literature, which has been paid increasing public
attention these years.

Therefore, the purpose of this paper is to present how the Nanjing Bus Company selects suitable
pure electric buses based on a comprehensive selection model. In addition, this paper aims to provide a
suitable example of a framework and a method of electric bus selection for other public transportation
companies in terms of the environmental indicators.
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2. Materials and Methods

2.1. Overview

Nanjing provides a favorable atmosphere for the development of pure electric buses. As a result,
it was recognized as a C40 (an international joint urban organization dedicated to climate change) City
in 2015 based on the Nanjing New Energy Vehicle Promotion program [16]. Additionally, it won the
honorary title of ‘National Demonstration City for Transit Metropolis’ [17], which is awarded by the
Ministry of Transport of the People’s Republic of China.

A commercial bus company focuses on profitability in addition to the social benefits that it offers.
On the basis of guaranteeing a certain quality of service, the company is required to reduce costs
to increase economic efficiency as much as possible. For this purpose, a road operation test was
proposed by the Nanjing Bus Company, to determine the most cost-effective vehicles among several
bus manufacturers.

The road operation test is a common method used to perform an all-around evaluation of vehicle
performance. These tests replicate actual driving conditions and by doing so, differences between tests
and reality are minimized. In addition to the characteristics of the vehicle itself, test results can also be
influenced by the pavement conditions, traffic conditions, weather, driver behaviors, etc.

2.2. Organizational Structure for the Test

A reasonable organizational structure was designed to define clear duties and labor divisions to
further enhance work efficiency. The road test process is generally designed in accordance with the
actual operation of buses. Besides the internal work processes of bus companies, road tests require
pre-planned arrangements and well-defined organization and coordination of all parts to lay the
foundation for efficient testing and accurate results. Based on the operation and evaluation function,
the organization structure was divided into three modules—the leadership group, work group, and
review group.

2.2.1. Leadership Group

The leadership group was composed of the people overseeing the program and belonged to the
Nanjing Bus Company and its subsidiaries and other companies in support roles. The main duties of
this group were:

e To monitor and guide the overall operation of the road test;

e  To check and approve the implementation plan, and to deal with any possible problem;

e To organize the final review conference and to make a final report, submitted to Nanjing
Transportation Bureau.

2.2.2. Working Group

The working group was composed of the various parties involved in road operation, such as
operation management, security, maintenance and logistics support sector. The main duties of this
group were:

e To conduct the preliminary information survey about electric buses and to determine the outline
of operational testing;

e  To formulate an implementation plan and the relevant details;

e  Tosupervise subcontractor companies such as Jiangnan and Yangzi to conduct basic data collection
and data analysis;

e  To make arrangements and to assign vehicles and staff during the road test work;

e To keep track of the progress of the project and to report it to the leadership group on time.
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2.2.3. Review Group

The review group was composed of people from the government transport management
department, traffic police department, and experts from university and the private sector. The
main duties of this group were:

e  To comprehensively analyze the relevant data and test results, including investigation of vehicle
performance, appearance, and passengers’ perceptions and opinions (not reported in this paper);

e To make suggestions after the test and to write a special report on performance difference of buses,
to be discussed with all participants.

Every member worked independently but communicated in a detailed manner, sharing feedback
and opinions to ensure the successful completion of the test.

2.3. Test Content

2.3.1. Test Vehicle Selection

The Nanjing Bus Company selected four common brands of pure electric bus available in the
market, each offering two types of buses, whose lengths are approximately 8 m and 10 m. This was
done to ensure an equivalent size for the test vehicles.

The test vehicles were divided into two groups based on vehicle length. The first group, Group
A, contained buses that were approximately 8 m in length, while Group B contained those that were
approximately 10 m in length. All the vehicles were newly manufactured, and they met national
standards requirements such as JT/T1026-2016 titled “The general technical conditions of pure electric
city buses”. The vehicle details are listed in Table 1, and Figures 1-4 show the four brands of buses.

Table 1. Vehicle Brand Involved in the Test.

Vehicle Electrical Rating Charging
Type Brand Name Model Number Quantity Length (m) (kwh) Mode
BYD BYD6810LZEV4 4 8.06 172.8 Slow charge
Group A (8 m) Skywell NJL6859BEV40 4 85 93.3
P Yinlong GTQ6801BEVBT9 4 8.05 46.4 Fast charge
Jiankang NJC6850GBEV2 4 8.5 93.3
BYD BYD6100LGEV3 4 10.49 255.4
NJL6100BEV30 2 221 Slow charge
Group B (10 m) Skywell NJL6100BEV37 2 105 258
Yinlong GTQ6105BEVBT8 4 10.48 81.2 Fast charge
Jiankang NJC6105GBEV5 4 10.5 230.4 Slow charge

Figure 1. BYD brand.
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Figure 4. Jiankang brand.

2.3.2. Test Environment Selection

The buses were tested on the same route, under the same working conditions, at the same outdoor
temperature (adjacent dates), and for days having equivalent humidity, that is, all the tests were
conducted during either sunny or rainy days, but not both.

Four representative routes were selected of varying congestion levels, from open and clear to
congested, to reflect conditions experienced in normal daily operation. The routes are shown in
Figure 5 and the respective details are summarized in Table 2.

Table 2. Routes Involved in the Test.

Route 1 Route 2 Route 3 Route 4
Bus No. 134W 302W 638W 646W
Length (km) 155 15.7 11.6 14.8
Bus stop number 30 33 25 30
Characteristic No congestion Congestion Medium-level congestion
- Traffic conditions (1) Has over fifty signal lights. Road is Lo
Description are good. (2) Crowded downtown. narrow. Far away from the main city.
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Figure 5. (a) Route 134W; (b) Route 302W; (c) Route 638W; (d) Route 646W.

2.3.3. Staff Selection

The participants, in particular, the drivers, were selected from a group of drivers with a certain
level of experience (average driving age = 8-10 years) and no record of accidents to maximize safety.
A total of 65 drivers participated in the test, one of whom was on standby. Two drivers were used
for each bus. All personnel received the same training at the same time to standardize operational
procedures. In addition, these drivers are professional, driving the same route and work a shift every
five days, and they are assigned to the their daily driving routes, which can ensure the familiarity with
their course of driving and thus reduce the error impact of drivers’ behavior caused by the external
factors such as the unfamiliarity with different vehicles on the test data.
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2.3.4. Road Operation Procedure

Test date: During August and September 2017
Test area: Nanjing, Jiangsu Province, China
Step 1: Establish the organization structure and clarify the duty of the groups.
Step 2: Determine the test conditions and formulate the test process. Vehicle groups A and B were
tested during the same period. For both groups, the specific serial number of each brand was assigned
to specific test route, though for varying dates and numbers of days, as shown in Table 3.
Step 3: Record data before and after operation for each day.
Step 4: Summarize and analyze data to determine evaluation indexes.
Step 5: Have the experts from the review group evaluate the buses and make a selection.
The road operation test procedure is illustrated in Figure 6.

Table 3. Operation Arrangement.

Type Brand Name and Model Number Serial Number Test Route Test Date
4011 134W 12th Aug. to 30th Sep.
4012 302W Total 50 days
BYD 4013 14th Aug. to 30th Sep.
BYD6810LZEV4 638W Total 48 days

13th Aug. to 30th Sep.

4014 Total 49 days
3801 134W 8th Aug. to 30th Sep.
3803 302W Total 54 days
Group A Skywell 8th Aug. to 7th Sep.
(8 m) NJL6859BEV40 3800 38 and 27th Sep. to 30th Sep.
Total 30 days
8th Aug. to 30th Sep.
3802 Total 54 days
18th Aug. to 21st Sep. and 30th Sep.
3721 134w Total 36 days
Yinlong 3720 300W 18th"?ugll4t;§8th- Sep.
GTQ6801BEVBT9 otal 42 days
3723 19th Aug. to 30th Sep.
638W Total 43 days
19th Aug. to 22nd Aug., 27th Aug. to 9th Sep., 11th Sep.
to 25th Sep. and
724 28th Sep. to 30th Sep.
Total 36 days
3806 134W 31st Aug. to 30th Sep.
3807 302W Total 31 days
Jiankang 3804 29th Aug. to 30th Sep.
NJC6850GBEV2 638W Total 33 days
29th Aug. to 1st Sep., 3rd Sep. to 15th Sep. and 17th Sep.
3805 to 30th Sep.
Total 31 days
4015 134W 12th Aug. to 30th Sep.
BYD 4016 302W Total 50 days
BYD6100LGEV3 2017 14th Aug. to 30th Sep.
646W Total 48 days
13th Aug. to 30th Sep.
4018 Total 49 days
Skywell 3809 134W
Group B NJL6100BEV30 gggg 646W 6th %)“éi o 32‘;5589'
10
(10m) NJL6100BEV37 3811 302W
18th Aug. to 21st Sep. and 30th Sep.
3725 134w Total 36 days
Yinlong 3726 302W 18th Aug. to 18th ?cp.lz;r;ddZan Sep. to 28th Sep.
GTQ6105BEVBTS otal 39 days
3707 19th Aug. to 23rd Sep. and 25th Sep. to 30th Sep.
646W Total 42 days
19th Aug. to 30th Sep.
3728 Total 43 days
3813 134W 31st Aug. to 30th Sep.
Jiankang 3815 302w Total 31 days
NJC6105GBEV5 3812 29th Aug. to 30th Sep.
646W Total 33 days
3814 29th Aug. to 25th Sep. and 30th Sep.
Total 29 days
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Figure 6. Flow chart of road test operation.

3. Data Collection and Analysis

3.1. Data Collection

Data collection, which had two steps, was performed for the objective data from the vehicle data
collectors (vehicle sensors, the equipment installed in the vehicle to collect the data), for charging
records and for other car parameters. The steps were as follows:

(1) The first stage of the test was mainly concerned with dynamic data (and various indicators of
the vehicle) collected by the vehicle data collectors or determined from dashboard readings while the
vehicle was in motion. The dynamic data included driving distance and power consumption.

(2) The second stage of operation test was concerned with static data collection. This included
charging and maintenance records, which themselves included charging duration, charging frequency,
failure frequency and failure duration.

A data table was completed by the drivers every day they participated in the test and recorded for
each bus separately. Table 4 shows an example.

Table 4. Example of Data Collection Table.

Model Number: Skywell-NJL6859BEV40
Serial Number:3801

. Charging Power Driving . .
Date FCr :aflge?cg Duration Consumption  Distance Frl:al‘l:;l:c DuFraaltli‘:: )
quency (min) (kowh) (km) quency
8th Aug. 3 39 140 206 0 0
9th Aug. 1 15 95 143 0 0
1st Sep 3 36 185 275 0 0
2nd Sep 3 40 168 274 0 0
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After two months of testing, the data was summarized as shown in Table 5. Because of the
confidential business information involved, code names are used for the buses. For example, the code
name “V8-1" refers to buses from brand 1 in Group A (about 8 m long) and “V10-1" refers to buses
from brand 1 in Group B (about 10 m long).

Table 5. Data Summary Table.

B Charging Power Consumption Charging Duration Driving Distance Failure Failure Duration
us and Route N
Frequency (kwh) (min) (km) Frequency (s)
Total 464 10,061 11,325 10,031 4 8700
134W 99 10,737 2939 10,793 0 0
V101 302W 51 8707 1703 7725 0 0
646W 314 20,617 6683 21,512 4 8700
Total 230 31,823 10,987 38,167 6 7800
vea 134W 75 8817 3124 11,131 2 600
8 302W 67 7142 1944 8325 3 0
638W 88 15,864 5919 18711 1 7200
Total 143 43,391 7506 16,838 1 320
134W 67 11,195 1466 12,509 0 0
Vio-2 302W 77 9596 1516 9083 1 320
646W 299 22,600 4524 25,246 0 0
Total 562 29,597 6572 140,284 1 14,400
134W 147 8655 1839 12,954 0 0
V&2 302W 127 7706 1557 9588 0 0
638W 288 13,236 3176 17,742 1 14,400
Total 829 30,840 8000 29,101 14 148,800
134W 163 7172 1582 6034 7 18,960
V103 302W 135 6158 1403 14999 3 4200
646W 531 17,510 5015 18,068 4 95,640
Total 827 23,500 7051 25,051 18 124,380
134W 196 5747 1713 6795 4 22,140
V83 302W 164 5945 1595 5810 3 1800
638W 467 11,817 3743 12,446 11 100,440
Total 348 25,389 5834 24979 5 9900
v 134W 60 6440 1217 6610 3 1500
10-4 302w 39 5805 827 5064 2 8400
646W 249 13,144 3790 13,305 0 0
Total 332 17,043 513 21,294 5 138,120
134W 78 14445 1118 5958 2 7200
Va4 302W 7 14439 1078 5475 0 0
638W 182 8159 2117 9861 3 130,920

The various indicators and their data for the road test operation are summarized in Tables 6 and 7.

Table 6. Indicator Data Collected for Group A.

Indicator V8-1 V8-2 V8-3 V8-4
Total driving distance (km) 38,167 40,284 25,051 21,294
Failure frequency 6 1 18 5
Failure duration (s) 7800 14,400 124,380 138,120
Power consumption (kwh) 31,823 29,597 23,509 17,043
Charging frequency 230 562 827 332
Charging duration (min) 10,987 6572 7051 4313
Average days of operation 49 51 43 32

Table 7. Indicator Data Collected for Group B.

Indicator V10-1 V10-2 V10-3 V10-4
Total driving distance (km) 40,031 46,838 29,101 24,979
Failure frequency 4 1 14 5
Failure duration (s) 8700 320 148,800 9900
Power consumption (kwh) 40,061 43,391 30,840 25,389
Charging frequency 464 443 829 348
Charging duration (min) 11,325 7506 8000 5834
Average days of operation 49 56 43 32
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3.2. Data Analysis

From the perspective of the bus company, economic benefits that can be gained from reducing
energy consumption and reducing the time spent on activities or operations are priorities. When use
of electric buses first commenced, the utilization rate of pure electric buses was only 50% of that of
traditional fuel buses. To maximize the benefits, scheduling and charging mode innovations were
implemented, achieving the same utilization rate as a traditional fuel bus. Based on these, the Nanjing
Bus Company has processed the indicators in Section 3.1 to indicate four factors that contribute most
to electric bus selection:

e Factor 1: Power consumption per 100 km

This factor is similar to the ‘liters of fuel per hundred kilometers’ concept in traditional fuel
vehicles. It is the energy consumed by vehicles for a travel distance of 100 km, and it is one of the key
economic indicators of pure electric buses. This factor is equal to the power consumption divided by
the total driving distance, then multiplied by 100.

e Factor 2: Charging duration per 100 km

Factor 2 serves to establish a relationship between battery performance and driving performance.
It indicates the battery efficiency and the pros and cons of the charging model used.

e Factor 3: Daily average driving distance

This is a basic and necessary index to show vehicle utilization rate, which bus companies value
the most, and it is related to operation cost.

e Factor 4: Failure time per 100 km

This factor is related to reliability of a vehicle. This factor takes into account frequency and severity
of failure, both of which contribute to maintenance costs directly and utilization costs indirectly.
These factors after calculation are given in Tables 8 and 9.

Table 8. Selection Factor Data for Group A.

Indicator V8-1 V8-2 V8-3 V8-4
Power consumption per 100 km (kwh) 83 73 94 80
Charging duration per 100 km (min) 29 16 28 20
Failure duration per 100 km (s) 20 36 497 649
Daily average driving distance (km) 194 196 146 168

Table 9. Selection Factor Data for Group B.

Indicator V10-1 V10-2 V10-3 V10-4
Power consumption per 100 km (kwh) 100 93 106 102
Charging duration per 100 km (min) 28 16 27 23
Failure duration per 100 km (s) 22 1 511 40
Daily average driving distance (km) 203 210 170 195

4. Discussion

Based on the analysis of the current situation of domestic pure electric bus, the road operation test
is selected as the test method, the composition and responsibility of the road operation test organization
are clarified, the test process with the outline of “determine the test conditions—data Collection—data
collection” is determined, and the format of relevant record forms is given. According to the evaluation
and the discussions of experts and the opinion of the bus company, on the basis of direct and indirect
test data, and through observing Tables 8 and 9, it is evident that V8-1 and V8-2 are equally matched
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in Group A and that V10-2 is the best choice in all aspects, and V10-1 is considered good choice in
Group B.

It was confirmed that the manufacturers who provided the V8-1, V8-2, V10-1land the V10-2 were
ready to adjust to the conditions in Nanjing regarding the transition to fully electric bus fleets. As
a result, the bus company has purchased a batch of pure electric buses of these brands. They have
achieved positive operation effects as of the date of this paper.

Also, it should be noted that some limitations still exist in the current study. First, the selection
indicators used are primarily objective. The subjective feelings of the drivers and passengers are not
considered in the analysis. Second, the differences in battery attenuation and in other aspects of battery
performance are ignored for this paper because they meet national standards. Third, the selection
process was performed through observation and expert opinion only. Therefore, using different
weighting methods, such as an analytic hierarchy process, is suggested to facilitate the selection of more
acceptable and justifiable weighting methods [18] and to make the selection method more scientific.
Besides, since the buses being completely new, their future performance is uncertain. It would be
useful to analyze the performance of the bus throughout its operation life-cycle.

5. Conclusions

The promotion of the bus electrification is in full swing in China, among which pure electric bus,
with its advantages of high driving stability, zero emission and outstanding economic performance,
has become the focus of many cities. However, it can’t be denied that electric buses still have some
limitations, e.g., short driving range and long charging time, which are tough to overcome in a short
time. Besides, compared with traditional bus, pure electric bus is a relatively new concept, with a more
complicated process of its selection, deserving more attention and research.

In this article, a test organized by the Nanjing Bus Company that is based on actual road tests to
aid in bus selection was illustrated. Compared with other test methods, road tests were used because
they are direct and reliable and they take into account actual transport conditions. The process of the
tests can be categorized into three steps: (1) To structure the organization of the testing and selection
processes, three groups were introduced: a leadership group, working group, and review group. (2)
The test process and test conditions, including bus, route, staff and environmental information were
provided for data collection. (3) As for the indicator processing, power consumption per 100 km,
charging duration per 100 km, daily average driving distance and failure time per 100 km were
determined to be key factors in the selection of a suitable bus.

In general, it is critical for the bus companies to decide to purchase the buses, and thus, the
performance, cost, safety, environment and other indicators of electric buses with the support of
operation data and the goal of normal operation service are of great significance to be quantified, the
method proposed in this paper the bus company applied to make progress in electric bus selection
thereby proves the application value, in terms of both process and indicators. In addition, since the test
is based on the new buses, it is worth exploring the subsequent performance in the practical operation
in the future research.
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Abstract: Higher-voltage-standard and higher-power-rating aerospace power systems are being
investigated intensively in the aerospace industry to address challenges in terms of improving
emissions, fuel economy, and also cost. Multilevel converter topologies become attractive because of
their higher efficiency under high-voltage and high-switching-frequency conditions. In this paper,
an asymmetrical-voltage-level back-to-back multilevel converter is proposed, which consists of a
five-level (5L) rectifier stage and a three-level (3L) inverter stage. Based on the comparison, such an
asymmetrical back-to-back structure can achieve high efficiency and minimize the converter weight
on both rectifier and inverter sides. A compact triple-surface-mounted heatsink structure is designed
to realize high density and manufacturable thermal management. This topology and structure are
evaluated with a full-rating prototype. According to the evaluation, the achieved power density is
2.61 kVA/kg, which is 30% higher than that of traditional solutions. The efficiency at the rated power
of the back-to-back system is 95.8%.

Keywords: more electric aircraft (MEA); multilevel converter; high power density

1. Introduction

The modern aerospace industry is facing challenges in terms of improving emissions, fuel economy,
and also cost. The US National Aeronautics and Space Administration (NASA) has laid out ambitious
goals for NO, emissions and fuel consumption for the next three generations of subsonic aircraft,
namely N + 1, N + 2, and N + 3 [1,2]. These goals are given in Table 1. The more electric aircraft (MEA)
architecture is the state-of-the-art technology that was developed to address those challenges. The
reduction of the total full consumption is about 3% [3]. However, such performance is far behind the
targets. The essential reason is that, in one typical large commercial aircraft such as Boeing 777, 95%
of jet fuel is used for generating propulsion thrust [4]. Hence, a radical propulsion system design is
required to meet the abovementioned goals.

The so-called turboelectric distributed propulsion (TeDP) concept, which is now intensely
investigated by research agents and companies such as NASA and Airbus [1,5], is considered as the
key to meeting those goals. Under this concept, electric generators driven by gas turbine engines
supply electrical power to multiple electric fans, which are distributed across the airframe to provide
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propulsion [2]. The major benefit of this concept is that the separation of gas turbine engines and
propulsion fans enables both components to be designed in their optimal points and operated at
optimum speeds. It is anticipated that, with the application of this technology coordinated with
advanced body design, the fuel consumption can be reduced by 70%.

Table 1. National Aeronautics and Space Administration (NASA)’s goals for future-generation subsonic
aircraft [2].

Cormers of the Trade N + 1 (2015) N + 2 (2020) Unconventional N + 3 (2030) Advanced
Space Conventional Tube & Hybrid Wing Body Aerospace Concepts
P Wing (relative to B737) (relative to B777) (relative to B737)
Landing ar}d Fakeoff —60% _759% —80%
NO, emissions
Cruise NO, emissions -55% -70% -80%
Aircraft fuel/gnergy _33% —50% —60%
consumption

Under the TeDP concept, the total power capacity of the electrical system onboard expands to the
megawatt (MW) level. Such high power raises lots of challenges to electrical system designs. Weight is
the most critical design factor for all aerospace components, which is usually evaluated with a specific
power (unit: kW/kg). It was reported that 1 kg saving will save roughly 1700 t of fuel and 5400 t of
CO; per year for all air traffic and decrease system costs by US$1000 [6]. Compared to traditional
aircraft propulsion systems, TeDP systems require additional high-power generators, distribution
cables, and motor drive systems. All these components should achieve extremely high specific power,
before TeDP systems can show its significant benefits. The research summarized in [7] showed that
the traditional voltage standard of +270 V for MEA is no longer suitable for this power rating and a
higher voltage rating is preferred. In addition, the total weight of the overall electrical system can be
optimized [8].

The power electronic converters are the key to enabling components in a TeDP architecture. They
realize the power conversion between AC and DC powers. The designs of power electronic converters
are quite essential in aerospace electric power systems. For motor drive systems onboard, power
electronic parts include two converters: one rectifier and one inverter.

In a traditional MEA architecture, a rectifier usually is realized by a passive equipment called
autotransformer rectifier unit (ATRU). Schematics of typical ATRUs can be found in [9,10]. They
essentially consist of multiwinding autotransformers plus diode rectifiers. Although ATRUs are proved
to be practical in MEA architectures, its power density is rather low because of heavy autotransformers.
According to the survey of some commercial products, the specific power of an ATRU is around
1.6-3.3 kW/kg, depending on the power rating [11,12]. In an industrial motor drive system, active
front end (AFE) rectifiers are used to achieve a better-quality AC input. By eliminating the use of
autotransformers, the total weight of AFE rectifiers can be potentially lower than that of ATRUs.
Furthermore, AFE rectifiers can bring potential energy-back capability and recover kinetic energy in
some aerospace applications such as E-taxiing [13,14]. Therefore, evaluation and comparison should
be carried out between an AFE-rectifier-based power converter and a converter with an ATRU rectifier
to show which solution is better for TeDP architectures.

On the other side, two-level (2L) converters are the classic and also the only commercial solution for
motor controllers in aerospace, before the TeDP concept emerged. The major reason is that, due to low
DC link voltages, 2L converters are sufficient to realize high conversion efficiency. However, following
the increase of the DC link voltage rating, 2L converters are no longer suitable for TeDP applications
because of their low efficiency and low power density. The comparison in [15] showed that multilevel
converters can achieve better efficiency and better power density in higher-power applications.
Research activities related to topologies with three-level (3L) [16,17], five-level (5L) [18], and even
higher-voltage-level [19] output were investigated. However, these researches did not compare
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different multilevel converter topologies with different voltage levels to show which topology is more
favorable in certain applications. In addition, they did not investigate back-to-back configurations,
which has more flexibility in selecting topologies on both rectifier and inverter stages. As a result,
comparative work could be done to find the optimal solution based on a certain specification for
aerospace applications. With the specification, an optimal design is also worth being investigated to
show potential improvements that can be made compared to conventional designs.

In this paper, comparisons are made between different multilevel converter topologies. Based
on the comparison results in terms of potential power density and power loss, a high-power-density
power converter design for aerospace TeDP applications is demonstrated, which is named as the
asymmetrical back-to-back converter topology. It utilizes a 5L converter in a rectifier stage and a 3L
converter in an inverter stage. A compact triple-surface-mounted heatsink structure is designed to
realize high density and manufacturable thermal management. This paper is organized as follows. In
Section 2, the specification of a motor drive system for comparison and design is given and analyzed.
In Sections 3 and 4, the topology evaluation and selection as well as the design for thermal solutions are
demonstrated. In Section 5, the design is verified by electrical and thermal testing, where the results of
the testing are shown. A final evaluation and comparison session are given in Section 6. Section 7
concludes the paper.

2. Introduction of the System Specification

A high-power-rating motor drive system for aerospace applications was assumed in this paper.
The specification of the drive system is defined in Table 2. The power demand of the motor was
60 kW. Although in current MEA power systems, a 230-V AC grid is the only choice of power supply
for high-power converters. However, in the near future, a 460-V AC grid becomes possible, which
makes the DC link voltage up to £400 V. With the help of this high-voltage DC link, 460-V AC motors
can be selected to lower AC cable loss and decrease both cable and motor weights. According to the
specification, the nominal AC currents on both the rectifier side and the motor side, the modulation
index M, and the power factor were calculated, which is also shown in Table 2. Because that a
200% overloading capability was required by the motor side, 300-A IGBT modules were selected for
converters on both sides. The switching frequency was set to be 15 kHz, which is a common selection
in converter design for an aerospace motor drive.

Table 2. Specifications of converters for motor control.

Rectifier side
Input power rating ~60 kW each
Nominal AC voltage 230-460 V (M = 0.47-0.94)
AC-rated input current 150 A
Motor side (inverter side)
Motor power rating ~60 kW each
Inverter apparent power rating ~80 kVA
Nominal AC voltage 460 V (M = 0.94)
Test-rated output current 100 A (with 200% overcurrent capability)

Converter specification

IGBT rating 300 A
DC bus voltage +400 V
Switching frequency 15 kHz

All these specifications present several challenges for the to-be-designed power electronic converter,
which are listed as follows:

e  High power density and high efficiency: The power electronic converters are the main heavy part
of the drive system. Evaluation and comparison should be carried out to show which topology is
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better in terms of the power modules’ size and weight. The efficiency is also important, since it
also affects the size of the thermal system. On the other hand, the high temperature created by
high-power losses affects the reliability of the converters.

e Density of the cooling system: the additional weights of tubes and liquids make the liquid-cooling
system not attractive in aerospace. Air-cooling might be the only choice. Therefore, a compact
heatsink design is required to minimize the total weight of the cooling system.

e  Filter consideration: The weight and size of a large AC inductor on the grid side also need to be
considered. In order to solve this problem, multilevel converters with higher voltage levels are
preferred. The trade-off between voltage levels, filters’ sizes and weights, and total power losses
require to be made.

3. Evaluation of the High-Power-Density Converter Topology

The first step to develop a high-power density converter was to select the optimal converter
topology combination for a back-to-back converter. It should potentially have the highest efficiency and
power density while minimizing the size and weight of the AC-side filter. In this section, a comparison
between different topologies, especially different multilevel converter topologies, was made. Power
losses, modules’ total sizes and weights, as well as filters” sizes and weights, were considered.

3.1. Topology Selection Consideration

Based on the specifications, several converter topologies, including multilevel converter topologies
that are common in industrial drive applications, were selected as the candidate topologies for both
the rectifier and the inverter. They were the two-level voltage-source converter (2L-VSC), the two-level
H-bridge voltage-source converter (2L-HB), the three-level neutral-point-clamped converter (3L-NPC),
the three-level T-type converter (3L-T2C), and the five-level hybrid active neutral-point-clamped
converter (5SL-HANPC). Their schematics are given in Figure 1. Industrial drive systems based
on these topologies are all mature, and products can be found such as Converteam VDM5000
(2L-VSC), Converteam MV7000 (3L-NPC), and ABB ACS 2000 (5L-HANPC) [20]. All these topologies
have the same advantage, which is that only one DC source is required for a three-phase circuit.
Therefore, a back-to-back configuration at the AFE stage could be built. On the contrary, widely used
medium-voltage drive topologies such as cascaded H-bridge converters require multiple isolated DC
sources that use zigzag transformers to create. This will significantly increase the system total weight.
Another 3L solution is the three-level flying capacitor converter (3L-FC). However, compared to the
3L-NPC, it requires additional flying capacitors, which shows no benefit in terms of total weight. The
reason why we considered the 5L-HANPC is that the 5L-HANPC is the only commercially available
5L converter with a single DC source. In addition, with the 5L operation, the filter size may be smaller,
and the power loss may potentially be lower.

Figure 1. Demonstration of the candidate topologies: (a) two-level voltage-source converter

(2L-VSC); (b) three-level T-type converter (3L-T?C); (c) three-level neutral-point clamped converter
(BL-NPC); (d) two-level H-bridge voltage-source converter (2L-HB); and (e) five-level hybrid active
neutral-point-clamped converter (SL-HANPC). Green: 1700 VIGBT; blue: 1200 V IGBT; red: 650 VIGBT.
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3.2. Device Selection Consideration

After the candidate topologies were determined, IGBT modules were then selected for each
topology. In order to guarantee a reliable margin in an aerospace application, a 2/3 voltage derating
fact was applied to IGBT modules. It meant that the standard of selection for a +400 V DC system in
aerospace is the same as for a 600 V DC system in an industrial drive. In other words, this system can
also operate under +600 V DCs, if insulation can be guaranteed. Based on this criterion, the voltage
rating of IGBTs in each topology is marked and shown in Figure 1.

Commercially available IGBT modules were considered. In order to guarantee a fair comparison,
several types of IGBT modules from the same manufacturer were selected (Infineon in this paper).
The results of the selection are given in Table 3. According to Table 3, with the increase of voltage
level, the total number of modules to form one three-phase circuit increased. Twelve modules were
required to form one three-phase 5L-HANPC circuit, which had the maximum number among all
topologies. The total weight of these modules and the minimum heatsink surface area were calculated
according to the number of required modules. These two results were quite important for power
density evaluation. It is because all these IGBT modules accounted for a large portion of the total
weight. On the other hand, the minimum heatsink surface area represented the rectangular baseplate
area of all the IGBT modules added together. Although for most converter designs the heatsink surface
area is much larger than this minimum area, a well-designed heatsink makes these two numbers
similar. Under this condition, the heatsink weight is decided not only by the power loss, but also by
how many modules are installed. Based on the comparison given in Table 3, without considering
the power loss, the 2L-VSC would be the most suitable topology, since it had the smallest minimum
heatsink area as well as the lowest total module weight. On the other hand, the 3L converter was a
moderate solution, which showed a similar performance.

Table 3. Selection and comparison of active components for each candidate topology.

Topology 2L-VSC 2L-FB 3L-T2C 3L-NPC 5L-HANPC
Module part FF300R17ME4 FF300R12ME4-B11
n" I;‘beefz: FF300R17ME4  FF300R12ME4-B11 (1700 V/300 A)  F3L300R12ME4 (1200 V/300 A)
“ra tin (1700 V/300 A) (1200 V/300 A)  FF300R12KT3P_E (1200 V/300 A) FF300R07ME4
8 (1200 V/300 A) (650 V/300 A)
Half-bridge &
Type of IGBT Half-bridge Half-bridge bidirectional Half. NPC Half-bridge
modules . bridge
switch
Total number 3 6 6 6 12
of modules
Minimum
heatsink 454 cm? 908 cm? 846 cm? 908 cm? 1815 cm?
surface area
Total modules 1035 g 2070g 2010g 2070 g 4140 g

weight

3.3. Power Loss Comparison

As discussed before, the power loss performance is more critical in designing high-power-density
converter systems. In order to evaluate the loss performance for each topology under different load
conditions, the power loss on each device was calculated individually. The conduction loss and the
switching loss were separately calculated.

A generalized equation to calculate an average conduction loss of an IGBT and a diode in one AC
cycle was given by:

\zfnv“’(e)ic(e)dmn (G)dQ
0

Peon = o (1)
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where v.(6) represents the on-state voltage drop on the IGBT, i.(0) represents the instantaneous
current going through the IGBT when it is turned on, and d.,,(6) indicates the duty cycle of the device.
For diodes, v/(0) and if(0) are used in Equation (1). The voltage drops, instantaneous current, and duty
cycle are all variables related to the phase angle 6 in one AC cycle. Furthermore, the on-state voltage
drop characteristic can be modeled as a constant equivalent voltage source V| for both IGBTs and
diodes in zero-current-condition series connected with an on-state resistor ry. Equation (1) can be

rewritten as:
2n

[ (Vo +r0-c(0))ic(0)deon(0)dO
- - @)

The switching loss was calculated under the assumption that the relationships between the
switching loss and the on-state current and off-state voltage were linear. From the datasheet, the turn-on
energy loss Eo, and the turn-off energy loss Eyy of an IGBT and the reverse recovery energy loss Eyec of
a diode under rated test conditions can be found. Then, by integrating the total energy loss within one
output period and then multiplying it with the output frequency, Equation (3) was obtained as:

Peon =

T i)
fEk it(‘st %st(g)de
0

1 device has switching loss
Psw = P ﬁ)ut: st(@) = { &

0 device hasno switching loss

©)

where the switching energy loss coefficient Ej represents Eoy;, + Eof for the IGBT or E, for the diode, I
and Uy are the rated test conditions noted on the datasheet, and S, (0) indicates whether the IGBT or
diode has the switching loss or not at a certain phase angle 0 in one AC cycle. All topologies were
evaluated in both the rated rectifier mode and inverter mode. The results in the inverter mode with the
rated conditions are given in Figure 2. According to the results, the 2L-VSC showed a much higher total
loss than the other multilevel topologies, because that the 1700 V IGBT module had a poor switching
loss performance, which was identified by analyzing the datasheet of devices and the loss distribution.
On the other hand, half of IGBT modules in the 3L-T2C were 1700 V-type, and thus the total loss was
also too high. Among all the topologies, 5L-HANPC had the lowest switching loss and the lowest total
loss. The extremely low switching loss is not only because that the voltage step decreased to 1/4 of the
DC link voltage, but also because the 650 V IGBT modules in the 5L-HANPC were the only devices
under high-frequency switching after applying a commonly used low-loss modulation scheme. The
results in the rectifier mode under the rated conditions are given in Figure 3. It can be found that the
tendency kept the same and the 5L-HANPC was the one with the best performance.

=

< 3500 = Switching loss at 125°C
2 3000 : -
- 2500 = Conduction loss at 125°C

£ 2000
& 1500
€ 1000 .
= 500 656
N

o 400
& & \;(g; <& &
> > i » 2
&

Figure 2. Power loss comparison under +400 V DC in the inverter mode (power factor: 0.76, M = 0.94,
fs =15kHz, and I;c = 100 A).

Another comparison was made by fixing the modulation index and power factor in the rated
conditions while varying the switching frequency or output current. The results in the inverter mode
and the rectifier mode are shown in Figures 4 and 5, respectively, and showed that changing output
currents did not affect the tendency since the loss was almost proportional to the output current for all
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topologies. However, after the switching frequency was decreased to be lower than 7 kHz, the power
losses of the 3L-NPC and the 2L-FB became lower than that of the 5L.-HANPC. It is because, under
low switching frequencies, the conduction loss dominated the total loss and the 5L-HANPC had the
highest conduction loss.

7000
6000
5000
4000 ion loss at 125°C
3000
2000
1000

Total Power Loss (W)

Figure 3. Power loss comparison under +400 V DC in the rectifier mode (power factor: =1, M = 0.47, f
=15kHz, and I, =150 A).
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Figure 4. Loss performance comparison in the inverter mode (power factor = 0.76, M = 0.94) under
different conditions: (a) varied AC currents and a fixed switching frequency (fs = 15 kHz); and (b) varied
switching frequencies and a fixed AC current ([;c = 100 A).
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Figure 5. Loss performance comparison in the inverter mode (power factor = -1, M = 0.47) under
different conditions: (a) varied AC currents and a fixed switching frequency (fs = 15 kHz); and (b)
varied switching frequencies and a fixed AC current (I,c = 100 A).

By summarizing the results of the loss comparison, a clear tendency can be discovered. The
2L-VSC was unacceptable because of huge power losses. At the selected operational frequency of
15 kHz, its total loss was 2-3 times higher than those of the other multilevel converter solutions. On
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the other hand, compared to the 3L-NPC, 2L-FB, and 5L-HANPC, the 3L-T2C showed no advantages.
Its total power loss was 75% higher than those of the 5SL-HANPC and 27% higher than those of the
3L-FB and the 2L-FB under the inverter-mode operation. Considering that it also showed no benefit in
module weight and total area comparisons according to Table 3, it will not be considered in further
evaluation. The 5L-HANPC should be the first choice considering the loss performance, because its
total loss was reduced by 30% compared to that of our second choice the 3L-NPC.

3.4. Summary of the Comparison

According to the loss comparison results, the SL-HANPC was the first choice. Another advantage
is that the 5L-HANPC may decrease the volume and weight of an AC inductor, which is necessary
for rectifiers. However, according to the comparison in Table 3, more IGBTs were required to install,
which in turn increased the surface area of the heatsink and required additional flying capacitors in
the 5L-HANPC. On the other hand, by considering both the number of modules and the total loss,
we found that the 3L-NPC and the 2L-FB could also be the favorable choices. However, the 2L-FB
must connect to motors with three separated stator windings, and thus a specially designed motor was
required. As a result, the 3L-NPC could be the best choice, especially for the inverter stage, where no
AC-side inductor was required.

Based on the previous discussion, some possible back-to-back converter configurations were
discussed. A very interesting fact is that the rectifier stage and the inverter stage did not have to apply
converters with the same voltage level. It is because on the rectifier stage, increasing the voltage level
can decrease the volume and weight of an AC inductor. On the contrary, no AC-side inductor was
required on the inverter stage. Decreasing the voltage level can minimize the number of IGBT modules.
Here come three potential solutions as well as one traditional solution used for comparison:

1) Traditional solution: an ATRU and a 2L-VSC;
2)  An ATRU and a 3L-NPC;

3) A3L-NPC and a 3L-NPC;

4) A 5L-HANPC and a 3L-NPC.

Among the three potential solutions, the 3L-NPC should be the only choice for inverter-stage
circuits, since it had the highest power density, where no AC inductor was required. For the rectifier
stage, a SL-HANPC, a 3L-NPC, and a mature ATRU circuit are all possible choices. An asymmetrical
back-to-back converter topology was proposed and given in Section 4. It aims to optimize the system’s
total weight on both the rectifier stage and the inverter stage. However, the loss calculation cannot tell
which one is better, and only prototype design can clearly show the final winner.

4. Design of a High-Power-Density Converter Prototype

In our research, a 5L-HANPC and 3L-NPC (5L-3L) asymmetrical voltage-level multilevel
back-to-back converter prototype was built to evaluate the power density of the power converter. The
schematic of this prototype is demonstrated in Figure 6. The specification of the prototype, and the
selection results of all main components are given in Table 4. The design of the volume of the passive
components followed the criterion, which is for selecting the minimum volume while satisfying
requirements of voltage ripples or current ripples.

From the selection results, it can be found that, compared to the DC link capacitor, the flying
capacitor required a much larger capacitance. It is because that each flying capacitor was connected in
a single phase. A large AC current went through each capacitor directly. Film-type capacitors were
applied to both the DC link capacitor and the flying capacitor because of their high reliability, especially
because of their open-circuit failure mode. The three-phase AC inductor was designed to have an
electrical inductance of 66 uH and a rated input current of 150 A. The inductance was small compared
to the traditional voltage source inverter (VSI) design, because the rectifier stage used a 5L converter.
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Figure 6. Schematic of a 5SL-HANPC and 3L-NPC converter prototype.

Table 4. Specifications and components selection results of the 5L-HANPC and 3L-NPC prototype.

Specification of the DC link

DC bus voltage +400 V
DC bus capacitor volume EPCOS (TDK) B32796E2226K Each half: 440 uF/630 V
Specification of the rectifier stage
Grid side line-line AC voltage 230 Vims
Rated power 60 kW
Rated input current 150 A
IGBT type Main bridge FF300R12ME4 (1200 V, 300 A)
P Output bridge FF300R07ME4_B11 (650 V, 300 A)
Flying capacitor volume EPCOS (TDK) B32778G4117K Each phase: 880 uF/450 V
AC Inductor Inductance: 66 pH; current: 150 A
Switching frequency 15 kHz
Specification of the inverter stage
Rated power 60 kW
Converter power rating ~80 kVA
Rated motor current 100 A

F3L300R12ME4_B22 (1200 V, 300 A)
F3L300R12ME4_B23 (1200 V, 300 A)
Switching frequency 15 kHz

IGBT type

The design of a heatsink for the air-cooling system is one of the most challenging parts of the
prototype design. According to Table 3, there were 18 IGBT modules; the 3L-NPC was composed of six
IGBT modules, and the 5L-HANPC was composed of the other 12 modules. Each converter had a
different loss performance. Furthermore, each IGBT module had its own loss. This led to different
temperature increases if we used a common heatsink design, where all IGBT modules are mounted on
one surface and have an almost identical thermal resistance from the junction to the ambient. On the
contrary, an ideal converter thermal system design is to let all IGBTs have the same temperature rise,
and thus, the converter can make full use of the cooling system capacity.

In order to design a heatsink structure that can fully exploit the capability of the cooling system,
the loss distributions among all IGBT modules under the rated conditions were calculated. The results
are given in Table 5. The numbers of modules and switches are kept the same as what are illustrated
in Figure 6. It can be found that the high-frequency switches of IGBTs S5—Sg in the 5L-HANPC and
those of IGBTs in the 3L-NPC had higher power losses. The low-frequency switches of IGBTs 5154
in the 5SL-HANPC had lower power losses. Based on this loss distribution, an innovative heatsink
structure was investigated. IGBT modules with higher power loss were placed on the two side surfaces.
The IGBT modules with less power loss were placed on the top surface. All fins of the heatsink
were arranged to be parallel with the top surface, and thus the two side surfaces could have a better
convection area. It is named as triple-surface-mounted heatsink structure, as shown in Figure 7.

21



Energies 2020, 13, 1292

Table 5. Theoretical power losses on all IGBT modules.

Topology Module Number Switch Number Power Loss (W)
1 S1, S, 88.8
2 S3,S4 88.8
5L-HANPC 3 S5, Se 229.2
4 Sy, Sg 229.2
5 Q1,Q, Ds 272.9
SR 6 Qs Q1. Ds 2729

() (b)

Figure 7. Heatsink design: (a) traditional planar structure; and (b) proposed triple-surface structure.

The thermal performance of the proposed heatsink structure was verified by the finite element
analysis (FEA). Two important questions were answered: (1) How large were the optimized areas
of the side and the top surfaces? (2) Did the temperature rises on each IGBT module become even?
Figure 8 shows the FEA results of the heatsink version I, where the IGBT modules were placed side
by side on three surfaces and the width of one surface was equal to the length of one IGBT module.
According to the results, the average temperature rises on the heatsink surface did not exceed the
upper limit. It meant that heat dissipation capability was strong enough even if the heatsink surface
area was just equal to the total bottom side area of the IGBT modules. However, the hottest part was
the top surface area near the outlet of the cooling air flow. The temperature difference between the top
surface and the side surface was higher than 15 °C. It meant that the top surface area without any fin
was hard to dissipate the power loss even if the IGBT modules on the top surface had much less loss.

() (b)

Figure 8. (a) Heatsink version I; and (b) its finite element analysis (FEA) results (maximum temperature
on the heatsink surface: 89 °C).

An improved heatsink version I is demonstrated in Figure 9. A thick plate was soldered to the
center of the top surface. In this way, part of thermal flow conducted from the top surface to the center
plate and was brought out by the airflow. In addition, the bottom side surface, which had a minimum
effect on cooling, was removed to further save the total weight. According to the FEA results for
version II, the temperature rise on each surface became almost even.
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(b)

Figure 9. (a) Improved heatsink version 1I; and (b) its FEA results (maximum temperature on the
heatsink surface: 78 °C).

The final structure design and the picture of this back-to-back prototype are demonstrated in
Figure 10. The switches of IGBTs S5—Sg in the 5L-HANPC and those of IGBTs in the 3L-NPC were
placed on the two side surfaces of the heatsink version II. The switches of IGBTs S;-S, in the 5SL-HANPC
were placed on the top surface. The IGBT modules were connected by a copper bar. On the top of the
IGBT modules at the two side surfaces, the DC link capacitors and the flying capacitors were fixed by
using aluminum stand-offs. The top area was the total surface area of the PCBs for gating, sampling,
display, and auxiliary power supply. This structure not only fully made use of the space, but also
saved a large amount of weight by decreasing the size of the heatsink and the length of the connecting
copper bar compared to structures, where all IGBTs are placed on one surface.

5L-HANPC 3L-NPC

g

ok JF
ok -
RN
O
Ay
pAl
S
40| 12 19 19

7

1y
T

4 Cr

@ (b)

Figure 10. (a) Schematic, (b) three-dimensional (3D) structure, and (c) photograph demonstration of
the converter prototype design.

Table 6 shows the weight distribution of the prototype. The heatsink, IGBT modules, and the AC
inductor (not shown in the converter structure) were the main heavy parts. It should be noticed that
the flying capacitors with their PCBs used by the 5L-HANPC also contributed to 9.77% of the total
weight. This somehow affected the benefit of the 5SL-HANPC applied to aerospace.

Table 6. Weight distribution analysis for the converter prototype.

Parts Weight (kg) Percentage (%)
Heatsink 9.6 31.27% = Heatsink
IGBT 6.2 20.20% ol
AC inductor (inductance: o, = ACInductor
66 pH; current: 150 A) 59 19:22% b
DC link capacitor 2.0 6.51% B
Flying capacitor 3.0 9.77% o ey
Other components 4.0 13.03% Components
Total weight 30.7 -
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5. Verification of the High-Power-Density Converter Design

After the 5L-3L back-to-back converter prototype was assembled, it was tested under different
load conditions to verify two important questions. One was whether the loss estimation was correct
or not. Correct loss estimation demonstrated correct topology selection. The other was whether the
proposed cooling system structure could dissipate the power loss generated by the converter operation
or not.

In order to test the power loss of the converter, each side of the converter was tested in the inverter
mode, where the DC link voltage was connected to an 800 V DC source and the AC output was
connected to a purely inductive load. The test set is given in Figure 11. The DC-side efficiency was
tested by using a power analyzer Norma D 5000 (Fluke, Everett, WA, USA). By using this method,
each side of the converter was powered to full-load conditions, while the DC source only provided a
small amount of power, which was equal to the power losses on both converters and inductive loads.
During the test, by varying the modulation indices M of both sides of the converter, the output current
was changed from zero to its maximum point. Then, the total power losses were recorded. The power
losses of the inductive loads were estimated with the models described in [21,22]. By deducting the
power losses on inductive loads, the power losses on converters were finally derived.

DC Efficiency .
Measurement :I_ DC
(ByNormaD5000)| "1 Source

800V

Five Level Rectifier Three Level Inverter
(HANPC) (NPC)

AY!
Al

I Inductive Load
G 0.4mH,150A)

Inductive Load !
(L: 0.4mH,150A) |

AY|
71

Figure 11. Experimental setup for the full-power test.

Figure 12a shows tested losses and estimated losses for the 3L-NPC under different load conditions.
The results showed that the estimation of the conduction loss was quite precise within the whole-load
condition. The estimation of the switching loss showed a slightly larger error than that of the conduction
loss. Nevertheless, the accuracy was accepted for topology evaluation. Figure 12b shows tested losses
and estimated losses for the 5L-HANPC under different load conditions. The results also showed that
the estimation of the power loss was correct.

The thermal system performance was verified by investigating the temperature rise on each
negative temperature coefficient (NTC) sensor embedded in IGBT modules. There were totally 18 NTC
resistors belonging to 18 IGBT modules. The ambient temperature T, for testing was 20 °C, and the
air flow was 120 cubic feet per minute (CFM). The converter was tested under full-load conditions:
Ve = £400 V; I,c = 100 A. The data received from the NTC temperature sensor are plotted in Figure 13.
From the results, it can be found that the distributions of the temperature were similar in all three
surfaces. On the other hand, the 3L-NPC modules had the highest temperature rise. This is because
the power loss per each module in the 3L-NPC was still larger than the power loss per module in
the SL-HANPC.
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Figure 12. Comparison of tested and estimated power losses for the (a) 3L-NPC and (b) 5L-HANPC.
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Figure 13. Temperature rise on negative temperature coefficient (NTC) sensors of IGBT modules
(Vge = +400 V, Ioc =100 A).

6. Evaluation and Comparison

With the developed 5L-3L back-to-back converter prototype, not only the power density and the
efficiency performance of this prototype could be measured, but the other two possible solutions, which
were the ATRU/3L-NPC and the 3L-3L back-to-back converter, could also be evaluated by estimating
the weight of each main parts and also estimating the power losses according to the calculation derived
in Section 3.

Based on the similar commercially available products on the market, the weight of a 60 kW ATRU
was aggressively estimated at 20 kg, which is given in Table 7. On the other hand, the AC-input
inductor used in the 3L-3L back-to-back converter should be larger than the inductor used in the
5L-3L back-to-back converter prototype. According to the calculation, an inductor with an electrical
inductance of 100 uH and an AC current of 150 A was adopted. The weight of this inductor was also
estimated and is given in Table 7.

Table 7. Weight estimations for magnetic components used in different configurations.

Parts Weight (kg)
ATRU (estimated power rating: 60 kW) 20
Inductor (inductance: 60 uH; rated AC current: 150 A) 59
Inductor (estimated inductance: 100 uH; rated AC current: 150 A) 8.9

Besides the magnetic components, the weights of the other parts were also estimated. If the
5L-HANPC was replaced with the 3L-NPC on the rectifier part, the weight differences would mainly
come from the elimination of six IGBT modules and flying capacitors and from the increased size of
the AC Inductor. The weight distribution of each part for the 3L-3L back-to-back converter is shown in
column IV of Table 8. If the 5SL-HANPC was replaced with the 60 kW ATRU, the heatsink weight could
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be decreased by half since only the inverter part required the heatsink, and also the heat dissipation
roughly decreased by half. All 5L IGBT modules and flying capacitors were eliminated. The weights
of other components, including the auxiliary supply, copper bars, and control PCBs, was estimated to
decrease 1 kg. By adding the weight of the ATRU, the total weight of the ATRU-3L converter is shown
in column II of Table 8.

Table 8. Power density comparison between three possible system configurations.

System Configuration ATRU-2L ATRU-3L 5L-3L 3L-3L
Heatsink - 4.8 9.6 9.6
IGBT - 2.07 6.2 4.14
AC inductor - - 5.9 8.9
DC link capacitor - 2.0 2.0 2.0
Flying capacitor - - 3.0 -
Other components - 3.0 4.0 4.0
Two-level converter 21.8 - - -
ATRU 20.0 20.0 - -
Total weight 418 31.87 30.7 28.64
Power density at 80 kVA 1.91 kVA/kg 2.51 kVA/kg 2.61 kVA/kg 2.79 kVA/kg
Power efficiency at 80 kVA 93.1% 96.0% 95.8% 95.0%

Since according to our testing results the calculation of the power losses matched the tested power
losses very well, the calculation was proved to be quite accurate. The estimation of the power losses
for each converter also followed the results derived in Figures 4 and 5. The power losses of the ATRU
were not directly calculated. From the product brochure [12], the maximum efficiency was 98%.

The final comparisons in terms of total weight, power density, and expected efficiency are given in
Table 8. In order to clearly show the benefit of the proposed solutions, the weight performance of the
traditional ATRU-2L-VSC solution is also given in Column I of Table 8. The weight of a commercially
available 50 kW 2L-VSC inverter product for aerospace with liquid cooling was found to be 21.8 kg.
Thus, the total weight of the ATRU-2L-VSC system was 41.8 kg. It should be noticed that the ATRU
used in the comparison was also only designed for the liquid-cooling system, which actually is not
fully available in this application area. An air-cooled ATRU should have an even heavier weight.

The comparative results showed that the 3L-3L back-to-back converter was a better solution in
terms of power density among the three potential solutions. The reasons are as following: Firstly,
the heavy ARTU was replaced by the power converter, while at the same time a good balance between
the number of active components and the volume of reactive components was found. The highest
power density achieved was 2.79 kVA/kg, if we chose the apparent power rating of the machine
(80 kVA) as the base power. The power density of the proposed 5L-3L back-to-back converter was
2.61 kVA/kg. It was also quite high, which was 30% higher than that of the traditional solution ATRU-2L
converter. By considering the power efficiency, the proposed 5L-3L back-to-back converter showed a
better performance compared to the 3L-3L back-to-back converter. The efficiency at the rated power
of the back-to-back system, including the rectifier and inverter stages, was 95.8%. This is because
of the highly efficient 5L converter. Furthermore, power density improvement can be made for this
asymmetrical-voltage-level topology. Since the switching losses of the 5L rectifier stage were pretty
low, if the higher switching frequency was selected, it could use smaller flying capacitors and smaller
AC side filters, which would in turn decrease the total weight of the system.

7. Conclusions

According to our work, it can be concluded that the power density of a converter for a
high-power-rating motor drive system in aerospace can be improved by replacing an ATRU with the
power converter. By properly designing the heatsink structure, the multisurface cooling system can
achieve considerably low weight and small size. Eventually, the heatsink size and weight were limited
by the number and area of IGBT modules, if the converter topology had high efficiency. By evaluating
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the prototype performance, the finally achieved power density of the 5L-3L back-to-back converter
prototype was 2.61 kVA/kg, which was 30% higher than that of the traditional solution. The efficiency
could be up to 95.8%. The expected power density of the 3L-3L back-to-back converter prototype was
2.79 kVA/kg.

In the high-power motor drive system for aerospace applications, a multilevel-converter-based
system showed advantages including fewer power losses and higher power density compared
to transformer-based systems. In fact, in other applications with the TeDP architecture,
multilevel converters can also provide advanced solutions with similar benefits. =~ More
importantly, multilevel-converter-based solutions can provide more flexibility. For example,
a multilevel-converter-based rectifier provides a DC mid-point, which can potentially connect to
the ground point in aircraft. Properly designing a modulation scheme can alleviate common-mode
problems. In addition, when the motor speed is low, a converter-based rectifier can lower the DC
bus voltage to minimize the switching loss of the system. With all these benefits, it is believed that
in the near future, multilevel-converter-based rectifier—inverter power units will realize their wide
applications in TeDP architectures.
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Abstract: In order to effectively reduce the energy consumption of the vehicle, an optimal
torque distribution control for multi-axle electric vehicles (EVs) with in-wheel motors is proposed.
By analyzing the steering dynamics, the formulas of additional steering resistance are given. Aiming
at the multidimensional continuous system that cannot be solved by traditional optimization methods,
the deep deterministic policy gradient (DDPG) algorithm for deep reinforcement learning is adopted.
Each wheel speed and deflection angle are selected as the state, the distribution ratio of drive torque
is the optimized action and the state of charge (SOC) is the reward. After completing a large number
of training for vehicle model, the algorithm is verified under conventional steering and extreme
steering conditions. The maximum SOC decline of the vehicle can be reduced by about 5% under
conventional steering conditions based on the motor efficiency mapused. The combination of artificial
intelligence technology and actual situation provides an innovative solution to the optimization
problem of the multidimensional state input and the continuous action output related to vehicles or
similar complex systems.

Keywords: electric vehicles (EVs); independent-drive technology; deep reinforcement learning (DRL);
optimal torque distribution

1. Introduction

The vehicles independently driven by in-wheel motors removes the transmission system of
traditional vehicles and the drive torque of each wheel is independently controllable. Besides,
the information such as the motor torque and speed can accurately feedback in real-time, so that the
transmission efficiency of the vehicle is greatly improved and the layout design becomes more flexible.
More importantly, the driving form has significant advantages in terms of stability control, active
safety control and energy saving control [1,2], which is a huge attraction for multi-axle heavy vehicles.
However, battery technology has always been one of the key issues limiting the development of pure
electric vehicles [3]. For heavy vehicles, both the demand and consumption of energy are greater,
which means the energy problem is more serious. In the case that the existing battery core technology
cannot be solved temporarily, it is necessary to adopt an energy-saving control strategy for the electric
vehicle, especially the multi-axle heavy-duty electric vehicle [4].
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At present, the energy-saving driving control strategy for electric vehicles is mainly based on
three aspects: motor control energy saving, energy feedback and traction control energy saving.
The energy-saving of the motor is mainly based on the motor efficiency characteristic curve [5,6],
aiming at the optimal system efficiency, and changing the actual working point of each motor by
adjusting the front and rear axle torque distribution coefficients to avoid working in the low-efficiency
zone, but this method is often only for straight-line driving conditions. Energy feedback mainly
refers to regenerative braking technology, which hopes to maximize the recovery of braking energy
by using different control strategies during vehicle braking [7-9]. In terms of traction control energy
saving, the drive torque and braking torque of each wheel can be controlled independently for electric
vehicles. By properly distributing the torque of each wheel, for example, taking the minimum sum of
the tire utilization ratios of the driving wheels as the control target [10-12], so as to reduce the energy
consumption rate or increase the power of the vehicle [13]. Generally, the optimization method is to
turn the torque distribution formula according to vehicle dynamics into the parameter optimization
problem under certain constraints [14-16]. However, this kind of method has great limitations in
optimizing a multidimensional system.

At present, most of energy-saving control researches are aimed at the straight-line driving
conditions evaluated by driving cycles [17] and there are relatively few studies on the vehicle
energy-saving control for steering conditions. Compared with two-axle independent drive vehicles,
only the two-dimensional optimal torque distribution control between the front and rear axles and
between the left and right wheels is needed [18]. Multi-axle electric vehicles need to optimize the
multidimensional independent space vector. Meanwhile, there are dynamic and kinematic connections
between the wheels, which cannot be solved by traditional optimization algorithms.

The deep deterministic policy gradient (DDPG) [19,20] is an algorithm that improves on the basis
of the deep Q network (DQN) [21,22] to solve continuous action problems. In reality, the vehicle is an
extremely complex system, and the external environment is dynamic, complex and unknown, which
means that it is difficult to simplify it into a fixed expression for quantitative analysis. The DDPG
algorithm is highly adaptable and can be optimized for the black-box system in a dynamic environment,
which is suitable for solving the practical problems of continuous action.

In the current paper, the four-axle (8 x 8) independent drive electric vehicle is taken as an
example to study the torque distribution problem in the steering condition, and a 23-DOF (Degree
of Freedom) vehicle dynamics model was built by MATLAB/Simulink (R2015a, MathWorks, Natick,
MA, USA). After completing the relevant code of the DDPG algorithm, the data interaction between
the algorithm and the vehicle model was realized, and the model was trained enough times through
off-line simulation comparing energy consumption of the vehicle under the same conditions, so as to
prove that the proposed control algorithm can effectively reduce energy consumption by reasonably
distributing the drive torque of each wheel. Under the conventional steering condition and using
the motor efficiency map of the current paper, energy consumption of the vehicle can be reduced by
up to 5%.

2. Dynamics Model and Energy Analysis

2.1. Model Overview

As the number of axles increases, the dynamics of multi-axle vehicles becomes more complicated.
Theoretically, the more the degrees of freedom of the vehicle are considered, the better the simulation
effect will be, but the more parameters are actually required to be input, which will affect the results
when relevant parameters cannot be obtained. In order to more accurately simulate the impact of
vehicle systems and environment on the vehicle during driving, the classical 2-DOF linear model
is not used in the vehicle dynamics model. Instead, based on the vehicle system dynamics theory,
the differential equations of dynamics and kinematics are derived respectively about vehicle body,
wheel and other systems. The suspension part is assumed to be static balance problem, and the tire part
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is analyzed by "Magic Formula". Finally, the related physical quantities between each system are used
to connect the parts into a whole, as shown in Figure 1. Meanwhile, the way of modeling is also suitable
for two-axle vehicles, and the simulation accuracy is higher. Based on the dynamics and kinematics
equations of each system, the vehicle dynamics model is established by using MATLAB/Simulink.
Taking into account 6-DOF of the vehicle body, including longitudinal, lateral, vertical, yaw, pitch, roll,
as well as the vertical runout and rotation freedom of each wheel, and steering wheel angle, a total
of 23-DOF. In addition, the vehicle adopts the steer-by-wire technology, which can realize all-wheel
steering. In the model, according to the fixed relationship between the steering wheel angle and the
deflection angle of the right wheel of the first axle and Ackerman steering principle, the S-Function
module is built to calculate the actual deflection angle of each wheel, which is directly input into the
vehicle dynamic model. The main parameters of the vehicle are shown in Table 1.

Motion

Aerodynamic

Vehicle Body Dynamics Module Module

Resistance
Suspension Force
Motion|
Module
Drive v Tire Force Suspension Force

Motor Module

Accelerator Pedal
Opening Degree [ Motor Drive Torque
4"@""01 Module
. Motion
Driver
Brake Pedal Tﬁmke' Wheel Tire
Torque
Defloction | Module e Module
Steering Angle [Sioering System| Angle
Control Module
Figure 1. Vehicle dynamics model architecture.
Table 1. Main parameters of the whole vehicle.
Basic Parameters Value
Total mass of the vehicle (kg) 25,000
Height of the mass (m) 1.20
Wheel rolling radius (m) 0.59
The angle relationship between the steering wheel and the right wheel of the first axle 20:1
1st axle and 2nd axle wheelbase L1 (m) 1.42
2nd axle and 3rd axle wheelbase L2 (m) 2.00
3rd axle and 4st axle wheelbase L3 (m) 1.42
Wheel center distance(m) 2.60
Drive reduction ratio 10.8
Battery rated capacity Cn (Ah) 120
Battery voltage U (V) 900

For electric vehicles with in-wheel motors, due to the complete decoupling of each wheel, in order
to achieve electronic differential control, torque control mode is usually adopted for each in-wheel
motor [23]. As shown in Figure 2, the drive control architecture is adopted. The total drive torque
of the vehicle is obtained by the output of the PID (Proportion Integration Differentiation) controller,
and the input of the controller is the deviation of the target speed and the actual speed. In general,
the driving torque is evenly distributed to each wheel, so that the speed of wheel will follow according
to its stress state. The average distribution mode can ensure the normal driving of vehicles, but it is not
the optimal distribution method. Therefore, the optimal distribution mode of drive torque should be
proposed, which is the main research content of the current paper.

31



Energies 2020, 13, 1331

Pedal Opening e
Degree I The Target Speed

The Wheel Radius

. Drive Torque
I PID Controller Distribution |

|

The Actual Speed

In-wheel Motor
Speed Feedback v
I In-wheel Motor I In-wheel Motor ITorquo Peak Limit

Controller of In-wheel Motor

Figure 2. Vehicle drive control.
2.2. Motor and Battery Model

As a high-speed rotating component, the speed characteristic of the motor also determines its
high-speed response [24]. In general, the instantaneous response speed of the motor is tens of times
faster than that of the wheel, so it can be simplified to a second-order response system [25], whose

transfer function is as follows.
Ti 1

T 282 f2is+ 1

G(s) = 1
where T); is the actual input electromagnetic torque of each in-wheel motor, T,,;* is the desired input
electromagnetic torque of each in-wheel motor, £ denotes the damping ratio, which is related to the
parameters of the drive motor. According to the response characteristics of PMSM, the value of &
is 0.001.

At the same time, the motor efficiency map model is adopted. According to the speed and
torque of the motor, the working efficiency can be obtained to calculate the corresponding energy loss.
The efficiency map of the in-wheel motor used is shown in Figure 3.
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Figure 3. Drive motor efficiency map.

For the battery model, in order to accurately compare the energy consumption, the ampere-hour
integral method is adopted to estimate the battery SOC [26]. The formula is as follows.

1 1 P
SOC = SOCo — = | nldt = SOCy — — | n—dt, 2
0" Cx f 1 e f g 2
where SOC is the initial state of charge and discharge, Cy denotes the battery rated capacity, I is
the instantaneous current of the battery, 1 represents the Coulomb efficiency coefficient, P is the
actual working power of the battery, and U is the battery voltage. Generally, without considering the
influence of temperature, the battery voltage will decrease with the decrease of SOC, but when the
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battery consumption is between 10% and 90%, the battery voltage variation is relatively small. In
order to avoid the impact of the battery voltage change on the SOC drop, it is assumed that the battery
consumption is always within this range, that is, the battery voltage remains constant.

2.3. Analysis of Steering Energy Consumption

When the vehicle enters the steering condition from the straight driving and the accelerator
pedal opening is constant, the vehicle speed will decrease, which indicates that the vehicle driving
resistance has increased. The movement of the vehicle is the result of the force from the ground to the
vehicle body through the tire. Generally, the force between the tire and the ground is decomposed
into longitudinal force and lateral force, and the motion of the vehicle is the result of the combined
action. That is, the combined force of the longitudinal force and the lateral force causes the vehicle to
generate steering motion. The direction of the resultant force is affected by factors such as drive torque,
steering angle, and tire side-slip angle, and in the case of the same drive torque and steering angle, its
direction is determined by the tire side-slip angle. When the vehicle turns, the tire force is shown in the
Figure 4 below.

Figure 4. Tire force decomposition diagram.

As shown in Figure 4, 6; represents the wheel deflection angle, « is the tire side-slip angle, Fy
and Fy, denotes the tire longitudinal force and lateral force. Due to 6; and a, the lateral force of the
wheel will produce a reaction force along the longitudinal axis of the vehicle body, which increases the
driving resistance. This explains why the speed of the vehicle will decrease when cornering and the
opening of accelerator pedal remains the same, and it also means that if the vehicle wants to maintain
the original speed, it needs to consume more energy. By establishing a single-track linear model and
assuming that the vehicle moves in a uniform circular motion, the longitudinal force balance equation
of the vehicle can be derived as follows.

4

21 ! ! !
;in = Ff+Fg+m%(fsina1 + Essinaerfsinag, + Elsinoq), 3)

where F,; is the longitudinal force of each axle, Fris rolling resistance, F,; denotes air resistance, m is
the total mass of the vehicle, u represents the longitudinal velocity, p denotes the curvature radius,
I; is the horizontal distance from ith axle to the center of mass, L represents the distance between
1st axle and 4th axle, a; is the side-slip angle of ith axle. On the left side of the equation is the sum
of longitudinal force of each axle and the first two terms on the right are the conventional driving
resistance of vehicles. Therefore, the last term is the additional steering resistance caused by the tire
slid-slip when the vehicle is steering [27,28], which denoted by F. If the drive torque of each wheel is
changed, the drive force of the outboard wheels is increased and the drive force of the inboard wheels
is decreased, then Equation (3) changes as follow.

4

4
BFs . .
) xi:FerFaJrFuf—ZTAsméi, @)
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where B is the wheel base, F5 denotes the change in the drive force, ¢; is the deflection angles of
the wheels. With other conditions unchanged, the smaller additional steering resistance, the smaller
driving force required by the vehicle, and the less energy consumption. Then it can be seen from
Equations (3) and (4) that under certain condition the increase of Fp is conducive to the reduction of
driving resistance. However, as it increases, the tire side-slip angle also increases, which will lead to
the increase of the additional steering resistance, so it is not a monotonous change for the total driving
resistance. Besides, the speed and deflection angles of wheels also affect the tire side-slip angle, so it is
necessary to find the optimal torque distribution ratio at different speeds and steering angle, so as to
make the driving resistance of the vehicle minimum.

In addition, the torque distribution of each wheel will also affect the actual working efficiency of
the motor. Therefore, the total energy consumption of the vehicle should be taken as the optimization
goal, and efficiency of all in-wheel motor is taken into account to achieve dynamic optimization.

3. The DDPG Algorithm

The deep deterministic policy gradient (DDPG) [29,30] is an improved algorithm based on DQN
algorithm that can solve the problem of multidimensional continuous action output. This optimization
method can operate for continuous action space, and it ignores the specific optimization model,
which can complete the black-box learning, focusing on only three concepts [20]: state, action, and
reward, and the goal is to get the most cumulative reward.

The selection of DDPG algorithm mainly considers the following points.

(1) The research object of the current paper is the 8 x 8 independent drive electric vehicle, which is
equivalent to operating an eight-dimensional independent space vector. It is far different from
the two-dimensional optimization problem for 4WD vehicles. The DDPG algorithm is just able to
optimize for the problem of multidimensional input and multidimensional continuous output.

(2)  The multi-axle vehicle system [31] is complex and difficult to simplify into a fixed expression,
whereas DDPG algorithm is more adaptable and capable of learning and optimizing the
black-box system.

(3) The actual driving state of the vehicle is constantly changing. In addition to being influenced by
the outside, the optimization action at each moment will affect the driving state of the vehicle at
the next moment. DDPG algorithm is essentially a kind of reinforcement learning, which can
adapt to interact and optimize in a dynamic environment to achieve a better state of adapting to
the environment.

In the real word, there is an interaction process between the Agent and its surrounding dynamic
environment [32], which can be explained as follows: after the Agent generates an action under a
certain state, the environment will give the Agent corresponding reward, and then the Agent enters the
next state and will generate the next action. Reinforcement learning is a machine learning model whose
modeling goal is to construct the Agent in the environment so that the Agent can always generate
actions in the environment to maximize reward. Considering the definition in reinforcement learning,
the state of the Agent at time ¢ is s, the action under state s; is a;, the feedback from the environment
is rt, and the next state the agent enters is s¢,1. Corresponding to the content of the current paper,
at time ¢, the vector (w¢, 6;) composed of the wheel speed (w;) and deflection angle (6;) of each wheel is
regarded as s;. The drive torque distribution ratio of each wheel (p;) can be regarded as a;, the vehicle
SOC (u¢) can be regarded as ;. The vector (w41, 6¢+1) stands for s;,.

In reinforcement learning, the commonly used optimization objective (R;) is the expectation of
the total future reward at time ¢, which corresponds to the expectation of battery SOC in the future,
as follows.

“+oo
Rt:7t+)/'rt+1+72'rt+2+---:ZVZ'rHL 5)
i—0
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where y is a coefficient, 0 < y < 1, which makes sure that R; convergence. In order to be able to solve
R;, the above formula can be rewritten as an iterative formula.

Ry =1+ R, (6)

In the study of Q-learning, if we have the function @" : State x Action — R to represent Ry, and then
the optimal action strategy function A" can be obtained.

A (s) = argmaxQ’ (sg, ar), (7)
at
Usually as the environment is poorly understood, Q" cannot be directly accessed but Deep Neural
Network has been proved to be universal function approximator, so it can be used to approximate
Q. In the current paper, Deep Neural Network is expressed as Q(s;, a;; ©), where © represents the
parameter to be solved. In fact, the deep fully-connected neural network is used. Therefore, when Q
approaches @', © is the optimal parameter ©*, and the following equation can be obtained.

Q(st,a;;0") = 11 + yQ(s141, 8141, 9"), ®)
Due to the optimal action strategy function A".

A (s¢) = argmaxQ(st, a; ©), )

ag

so the Equation (8) can be expressed as follows.
Q(st,a;;,0") =11 + yQ(sp11, A (5¢);0"), (10)
Therefore, the optimization objective of Deep Neural Network can be defined as follows.

L(®) =E (s, a,,1,5,,1)~p((rt + yargmaxQ(s; 11,1, ©)) = Q(st, ar; @) )?]

argmin/(®), ! (1)
c)

where £L(0) denotes the optimization objective function with © as the independent variable. E is
expectation, and P represents a probability distribution. The above equation is the optimization
objective of DQN algorithm, but the optimization objective is only applicable when g, is discrete. In the
current paper, a; is the multidimensional continuous space. So, considering an improved algorithm of
DQN, DDPG uses Deep Neural Network A(s;; @) to approximate the optimal action strategy function
A", so the optimization objective is as follows.

£1(®):E(slatr,>[1~P[((rt+7Q(st+1/ (5111,9); © ))—Q(Shﬂt?@))z]
Lo(P) = Eq,-p[Q(st, Alsi; P); ©)]
)
)

argmin/; (© , (12)
[©]

argmaxL (P
®

where £ (®) represents DQN algorithm optimization target, £ (®) denotes the optimization target of
approximating the action strategy function A*. In order to make the optimization process more stable,
@ and O in the Equation (12) are replaced with & and ©; corresponding to the soft update parameters.

D, =1P+ (1-17)(Ds)

0 =10+ (1-1)(®,) ’ (13
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where 7 is a coefficient, 0 < T < 1. The expected calculation of £;(©) and L, (P) can be estimated
approximately by Monte Carlo sampling, so the optimization objective is rewritten.

N ) GI0)
L1(0) = & g ((r, +9Q(s" M, As!! Hl, D5);05)) —Q(s, ', a,7;9))
(
t

L®) = LN Qs A @);0)
Nargé)nmll( ) a9

argmaxLy ()
®

where N is the number of the dimension, N = 8, (i) denotes the corresponding wheel number. In fact,
stochastic gradient descent algorithm is used to optimize the two optimization targets alternately, and
the parameter update method is as follows.

ol — 1) _a®v£1(®(f 1)
o) — @t-1) 1 aq>V£2(d>(“1>) , (15)

When the optimal objective is reached, the parameters ®* and ®* are obtained, corresponding to
Deep Neural Network Q(s;, a;; ©*) and A(sy; P*). The function A(sy; P*) can output a set of drive torque
distribution ratio when the wheel speed and deflection angle are input in real time. The distribution
ratio can make the expectation of SOC in the future maximum.

The network of a; is called Actor network, then there are two networks in the algorithm, namely
R-Q network and Actor network. Actor network is responsible for generating the action, which is
the torque distribution ratio of each wheel. R;-Q network is also commonly referred to as the Critic
network, which is used to fit the sum of the system SOC for the next  steps, so that Actor network can
have a clear optimization target. When the overall algorithm is executed, according to the training
logic, ® in the Q network is updated first, and then as a parameter is input to the Actor network to
update ®, with the aim of minimizing —Q. The actual training process is to train ® and ® in the two
networks, and this process is called joint alternation training.

The overall implementation of architecture design is shown in Figure 5. The DDPG algorithm
is directly embedded into the vehicle dynamics model by MATLAB Function to ensure real-time
interaction. During the training process, the vehicle system outputs state and reward in real time.
A total of 16-dimensional state signal is input to the Actor-network, including eight-dimensional wheel
speed and eight-dimensional wheel deflection angle signals, and eight-dimensional wheel torque
distribution ratio signal is output. For the Critic network, the same 16-dimensional state signal and
eight-dimensional action signal output by the Actor-network are taken as the input to fit the sum of the
energy consumption in the next n steps. In addition, the Train function is completed, which contains
the logic of the algorithm training process, so that the Actor network and Critic network can update
alternately according to the algorithm and complete the corresponding output.

In order to avoid the possible problems of data interaction between the two networks and Train
function due to the synchronization of update in the model, all of them are written in a MATLAB
Function module and directly called internally. At the same time, taking into account the actual passing
ability of the vehicle, and preventing the long-term high torque output of individual motors to reduce
the service life, the additional limitation is that the single-axle drive is not allowed in straight-line
driving, with the 1st axle and 3rd axle as the main power distribution axle.

In addition, it needs to be clarified that the difference between the application scenario of the
current paper and that of the traditional neural network algorithm is that the current action will directly
affect the environment at the next moment. If the environment cannot be changed, actually only one
step in the overall process is optimized.
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Figure 5. Training process architecture of deep deterministic policy gradient (DDPG) algorithm.
4. Offline Simulation Verification

After the relevant algorithm code is completed and can interact with the vehicle model, the model
needs to be trained for a certain number of times first. The purpose is to make the Actor and Critic
network update their internal parameters according to the training logic of Train function to adapt to
the whole system.

At present, there is no standard cycle condition for the evaluation of vehicle steering energy
consumption, which results in the training condition of the model needs to be designed artificially.
Different training conditions will affect the final optimization results of the model. The designed
training condition should contain enough state samples of the optimized system. At the same time,
it should be avoided that due to the influence of training environment, experience with certain type
characteristics is particularly abundant, while experience with other type is scarce. At best, experience
should have difference and similar experience should be minimized. During neural network training,
some unexpected changes are not considered in the current paper, because they are difficult to be
included completely. However, in order to avoid related problems, the average distribution as a
conservative control scheme was combined with the neural network. By comparing the reward at any
time, the control scheme with a higher reward is adopted, so as to ensure that the energy consumption
of the vehicle was not lower than the conventional driving mode under any working condition, which
is a supportability control strategy.

The state variables in the algorithm are the wheel speed and the wheel deflection angle. Therefore,
based on the above principles, the model input of target vehicle speed and steering wheel angle are
shown in Figure 6. During training, only the first and second axles were steering axles. Meanwhile,
considering the stability problem of the vehicle in high speed, the amplitude of the steering angle
decreased after 40 seconds.

According to the training conditions, after completing about 100, 200, ..., 500 times training, data
and driving state curves were recorded. Figure 7a shows the change process of vehicle speed after
different training times. The change of vehicle speed was little affected by the drive torque distribution
and the target vehicle speed could be well followed. Since the optimal torque distribution is equivalent
to applying an additional yaw moment for the vehicle, so the yaw rate of the vehicle was increased in
each period after distributing, which can be seen in Figure 7b, and it is in line with the actual situation.
Figure 7c is a comparison of the SOC change after the corresponding training number. It can be seen
that the SOC decline decreased with the increase of training times. After 500 times of training, the SOC
decline of this training condition was reduced by about 4.5320%.
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Changes of vehicle speed with training times; (b). Changes of yaw rate with training times; (). Changes

of SOC with training times.
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After completing the training, only the parameter matrix in the Actor network is retained and
stored into the MATLAB Function, which receive the driving state of the vehicle in real-time and
generate the optimal distributing action. In theory, the more training times, the more stable and
optimal parameters in the Actor network tend to be, and the better the optimization effect will be.
However, with the increase of training times, the rate of optimization return is decreased. Meanwhile,
in order to ensure the optimal effect, a fixed simulation step size of 1 millisecond was adopted in
the Simulink, while the action was updated every 10 steps by the control algorithm, which led to a
significant increase in the computational burden of the model. After completing 400 and 500 times
training, and comparing the simulation results, it can be found that the optimization effect was almost
the same. Therefore, considering the optimization efficiency, finally the model training was completed
for 500 times.

4.1. Conventional Low-Speed Step Steering Condition

The low-speed simulation condition was designed to accelerate the vehicle from the stationary
state with a target speed of 30 km/h. At the 20 s, the steering wheel turned about 230° within 1's,
and only the first and second axles were steering axles. Figure 8a shows the actual change in speed of
vehicle. It can be seen that after the steering angle change, the vehicle speed decreased slightly, which
was caused by the increase of driving resistance. It is consistent with the actual situation. Figure 8b is a
detail view of vehicle speed. Compared with the average distribution, the steady-state vehicle speed
increased slightly after the optimal distribution of drive torque, but the difference was not significant.
Because the redistribution of drive torque led to the reduction of additional steering resistance, the
drive torque required to maintain steady state was reduced. It can be seen from Figure 2 that under the
condition that the target vehicle speed remained unchanged, the actual vehicle speed increased.
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Figure 8. Changes of vehicle speed during low-speed simulation: (a). Changes of vehicle speed; (b).
Partial enlarged drawing.

Figure 9 shows vehicle yaw rate change and the vehicle track comparison respectively.
After optimization control, the yaw rate of the vehicle increased by around 1.02%, and the radius of the
track was also slightly reduced. From Figures 8 and 9, it can be seen that optimal torque distribution
promoted the steering trend, but the influence on the various driving state parameters of the vehicle
was not significant, and did not cause the stability problem.
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Figure 9. Vehicle yaw rate change and the vehicle track comparison: (a). Changes of yaw rate;
(b). Comparison of driving trajectory.

It can be seen from Figure 10a that after adopting torque optimization control, SOC decline was
significantly reduced and the energy consumption was reduced by about 3.7856% between 0 s and 40 s.
However, it included the linear acceleration phase, although the torque was also optimally distributed
during straight-line driving, the motor basically worked on the external characteristic curve during
acceleration. At the same time, there was no training for the straight-line driving condition, so the
optimization effect was not obvious. Then only for the steering phase between 20 s and 40 s, the vehicle
energy consumption can be reduced by about 5.112% after optimization.
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Figure 10. Changes of vehicle SOC and wheel drive torque after optimization: (a). Changes of vehicle
SOC; (b). Changes of wheel drive torque.

Figure 10b shows the change of the drive torque of each wheel. In the linear acceleration phase,
the drive torque of the whole vehicle was mainly distributed to 1st axle and 3rd axle, similar to the
two-axle drive, which increased the working load of some drive motors and improved overall work
efficiency. When steering, the drive torque of the outboard wheel increased, and the drive torque of the
inboard wheel decreased. Besides, the drive torque of rear axle of the outboard wheel was relatively
larger, because in the same cases, the change of the drive torque of the rear axle had a greater influence
on the additional yaw of the whole vehicle, which is more conducive to the reduction of the energy
consumption. In addition, the multi-axle vehicle body is longer, resulting in the effect is relatively
more obvious. When the vehicle was in steady-state steering, the driving torque of the whole vehicle is
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about 3107 Nm by average distribution, while the total driving torque is about 2975.4 Nm by optimized
distribution, which is relatively reduced by about 4.2356%. Another part of the reduction in energy
consumption comes from the improvement of motor working efficiency.

Figure 11 shows the comparison of working point change in the motor efficiency map. The wheel
speed and output torque during steady-state steering are respectively derived. Based on the deceleration
ratio, the actual working points of each in-wheel motor were calculated. As the relative speed difference
between the left and the right wheel was very small, which can be approximately ignored, a point was
used to represent the actual working point of each motor when the drive torque was evenly distributed.
After the optimal torque distribution control was adopted, the actual working point of each motor
was changed. The drive torque of the outboard wheel was increased, and the working efficiency was
improved. Though the working efficiency of inboard wheel reduced, its drive torque was small, which
led to the overall working efficiency being improved.
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Figure 11. Comparison of motor working points.
4.2. Conventional High-speed Sinusoidal Steering Condition

The high-speed simulation condition was designed to accelerate the vehicle from the stationary
state with a target speed of 70 km/h. At 20 s, the steering wheel input a sine wave with an amplitude of
110° as shown in Figure 12a. Similarly, 1st axle and 2nd axle were steering axles. Figure 12b,c show
changes of the vehicle speed and the yaw rate. Similar to the step steering condition, the change of
driving state was not obvious and the peak of yaw rate increased slightly. Figure 12d shows the change
of drive torque. Due to the input of the steering wheel constantly changing, the curvature radius of
the vehicle driving was also changing. It can be seen from Equation (3) that the additional steering
resistance fluctuated accordingly. Therefore, when the driving torque was evenly distributed, the
driving torque of each wheel also changed correspondingly. After optimized distribution, the more
drive torque was distributed to the wheel of the outboard and rear axles, which promoted the steering
of the vehicle. Under the dynamic steering condition, the driving torque of each wheel could follow
the changes of system input, which indicates that the optimal control algorithm could adapt to the
dynamic environment.

The changes of SOC can be seen from Figure 13a. After the optimization control, the SOC
decline reduced by 2.6213% between 0 s and 40 s. If only comparing the SOC change during steering
phase, the energy consumption of the vehicle decreased by 4.0482% after optimization as shown in
Figure 13b. It was proved that the optimal torque distribution control based on energy consumption
could reasonably distribute the drive torque of each wheel and reduce the energy consumption
under the dynamic condition. That means the optimization algorithm adopted was not limited to
specific working conditions, which can be for any steering conditions, whether static or dynamic.
The optimization algorithm could optimize the distribution of driving torque in real time and reduce
the vehicle energy consumption. However, the optimization effect was slightly worse than that of low

41



Energies 2020, 13, 1331

speed test, which was mainly for two reasons. On the one hand, the sine wave input was a dynamic
process all the time, but there had to be system inertia in the mechanical system, which may have led
to the actual action and control signals not being completely synchronized. Although the effect was
relatively small for the electric vehicle with in-wheel motor, it could not guarantee that the drive torque
of each wheel was optimal at any time; on the other hand, when the motor worked at a high speed,
the high efficiency area on the efficiency map was relatively large, so the optimization effect after the

control was slightly lower.
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Figure 12. Changes in vehicle driving parameters during high-speed simulation condition: (a). Steering
wheel angle; (b). Vehicle speed; (c). Yaw rate; (d). Drive torque of each wheel.
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4.3. Extreme Steering Condition

In order to further reflect the control effect of optimal torque distribution, the extreme steering
condition test was carried out. The four-axle reverse phase steering mode was adopted, with the first
and second axles deflecting in the opposite direction to the third and fourth axles. The target speed of
the vehicle was set to 10 km/h. At 20 s, the right wheel of the first axle deflected about 23° within 2's,
and the deflection angles of other wheels were calculated according to Ackerman steering principle,
as shown in Figure 14a. For the change of speed, the vehicle speed after optimal control was still
slightly higher than that under average distribution as shown in Figure 14b, which was the same as
the previous simulation results. However, when the vehicle was in steady-state steering, the vehicle
speed was basically unchanged compared with driving in the straight line, which indicates that the
additional steering resistance was relatively small in this working condition.
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Figure 14. Changes in vehicle driving parameters after the optimization control in reverse phase
steering condition: (a) wheel deflection angle; (b) longitudinal vehicle speed.

As shown in Figure 15, the driving track of the vehicle remained unchanged basically after
optimization. The steering radii of the vehicle after average distribution and optimal distribution were
8.1165 m and 8.1053 m respectively, which means that the optimal distribution of drive torque control
did not have a great impact on the vehicle trajectory and body posture.
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Figure 15. Comparison of vehicle trajectory and body posture under average distribution and
optimal distribution.
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Figure 16 shows the change of wheel drive torque. 0 s to 20 s was a linear acceleration phase, and
the drive torque was distributed between the axles. Since the motor was in the state of low speed
and low torque at this stage, in order to improve the overall working efficiency, the driving torque of
the vehicle was mainly distributed to the first axle and the third axle to increase the workload of the
motor. When entering the steering at 20 s, due to the increase of the driving resistance, the driving
torque of the vehicle increased in order to maintain the target speed. However, when the vehicle was
in steady-state steering, the drive torque was basically the same as that when the vehicle traveled in a
straight line, which was caused by the reduction of driving resistance by the four-axle reverse phase
steering. It can be seen that the optimization control made the distribution ratio of the outboard and
rear axle wheels increase, which further promoted the reduction of driving resistance, thus achieving
the purpose of reducing the driving energy consumption.
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Figure 16.  Comparison of wheel drive torque change under average distribution and
optimal distribution.

When the vehicle was in steady-state steering, the total required drive torque of the vehicle with
the average torque distribution was 1860.0376 Nm, and after the optimal distribution control, it was
only 1656.6745 Nm, which was about 10.9332% lower. Then the change of the vehicle SOC during
the steering phase was compared. The actual energy consumption decreased by about 13.3679%,
which was much more obvious than the conclusion obtained by the above that maximum reduction
in energy consumption is about 5%. This is mainly because the working efficiency of the motor is
extremely low under low speed conditions [33]. Meanwhile, according to the motor efficiency map
used in this paper, when the vehicle speed was lower than 30 km/h, the efficiency changed greatly with
the torque, so the optimization control effect was better under this working condition. Besides, it was
found that when other conditions were the same and four-axle reverse phase steering was adopted,
the vehicle demand torque was far less than that when two-axle steering was adopted, sometimes
less than half of that. Smaller drive torque led to lower working efficiency, which also led to the more
obvious optimization effect.

4.4. Performance Evaluation

It should be emphasized that the optimal distribution of drive torque control can achieve the
maximum energy saving effect of about 5% in the conventional steering conditions, but it is only for
the motor efficiency map used in the current paper (Figure 3). The motor efficiency map had a great
influence on the actual optimization effect. If the high efficiency area of the in-wheel motor was small,
the energy saving control effect on the vehicle was obvious. In addition, the selection of algorithm
training conditions should be closer to the actual driving state of the vehicle, and enough training times
should be ensured to make the parameters in the Actor network tend to the stable and optimal value.
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5. Conclusions

M

®G)

Based on the theory of vehicle system dynamics, the dynamic model of an 8 X 8 independent
drive electric vehicle is built by MATLAB/Simulink, which contains 23-DOF to more accurately
describe the multi-axle vehicle dynamics. On the basis, combining with the analysis of tire
force and the mathematical derivation of the single-track linear model, it is concluded that
through the reasonable distribution of the driving torque can reduce the additional steering
resistance, and then reduce the energy consumption of the vehicle. However, due to the change
of the tire side-slip angle and the influence of the motor efficiency, the optimization process is
necessarily dynamic.

Considering the research object and content of the current paper, the DDPG algorithm is adopted
to optimize the distribution of the drive torque between each wheel to reduce the energy
consumption of the vehicle. The formula of DDPG algorithm is derived, and the overall system
architecture is designed. The Actor network, Critic network and Train function are completed
to interact with the vehicle model with the help of MATLAB Function, and realize the joint
alternation training.

Since there is no standard for the evaluation of steering energy consumption, the training
condition is designed artificially. After completing 500 times training, the parameter matrix
in the Actor-network is stored into the MATLAB Function, which receive the driving state
of the vehicle in real-time and generate the optimal distributing action. The low speed, high
speed conventional steering and extreme steering simulation tests are carried out respectively.
The results show that the vehicle energy consumption can be reduced by about 5% at most
under the conventional steering condition with using the motor efficiency map of the current
paper, which effectively reduces the energy consumption for the multi-axle electric vehicles with
in-wheel motors. Meanwhile, the current paper provides an innovative solution to the vehicle
optimization problem of multidimensional state input and multidimensional continuous output.
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Abstract: Compared to the plug-in charging system, Wireless power transfer (WPT) is simpler,
reliable, and user-friendly. Resonant inductive coupling based WPT is the technology that promises
to replace the plug-in charging system. It is desired that the WPT system should provide regulated
current and power with high efficiency. Due to the instability in the connected load, the system
output current, power, and efficiency vary. To solve this issue, a buck converter is implemented on
the secondary side of the WPT system, which adjusts its internal resistance by altering its duty cycle.
To control the duty cycle of the buck converter, a discrete fast terminal sliding mode controller is
proposed to regulate the system output current and power with optimal efficiency. The proposed
WPT system uses the LCC-S compensation topology to ensure a constant output voltage at the input
of the buck converter. The LCC-S topology is analyzed using the two-port network theory, and
governing equations are derived to achieve the maximum efficiency point. Based on the analysis,
the proposed controller is used to track the maximum efficiency point by tracking an optimal power
point. An ultra-capacitor is connected as the system load, and based on its charging characteristics,
an optimal charging strategy is devised. The performance of the proposed system is tested under
the MATLAB/Simulink platform. Comparison with the conventionally used PID and sliding mode
controller under sudden variations in the connected load is presented and discussed. An experimental
prototype is built to validate the effectiveness of the proposed controller.

Keywords: wireless power transfer; non-linear; fast terminal sliding mode control; power converters

1. Introduction

Wireless power transfer has been desired since the proposition made by Nikola Tesla about
100 years ago [1]. Due to the recent progress in power electronics technology and advancements in
WPT techniques, it is realized that implementing a WPT system is now economical and can be used
as a commercial product [2]. Compared to the plug-in charging system, WPT is simpler, reliable,
and user-friendly [3]. Companies like Qualcomm, Witricity, and Evatran have developed many
commercial products that can be charged wirelessly with good efficiency. Due to such developments,
WPT can be used in many industrial applications [4] and in our daily life such as wireless charging of
smartphones [5], electric vehicles [6,7], and biomedical implants [8-10].
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According to the operating principles, WPT can be broadly divided into four categories, i.e.,
capacitive wireless power transfer (CWPT), electromagnetic radiation (EMR), acoustic wireless power
transfer (AWPT), and resonant inductive power transfer (RIPT) [11,12]. In CWPT, the power is
transferred using capacitor plates instead of coils. CWPT is simpler and can be used for both high
voltage and low current, but the efficiency decreases when the air-gap between the transmitter and
receiver plate increases [13]. In EMR, the power is transferred using microwaves. Although using
this operating principle, WPT can achieve long-distance power transfer, this mode has much lower
efficiency and has many health hazards due to high power radiation [14]. In optical wireless power
transfer (OWPT), which is considered as a subclass of EMR, the same principles for power transfer are
used, but the wavelengths are in the visible spectrum [15,16]. At the transmitting side, lasers are used
to convert the electrical signal into the optical signal, and at the receiving side, photovoltaic diodes
convert the optical signal back into an electrical signal. The advantage of EMR and OWPT techniques
is that both techniques have high capability for power beaming. However, due to the conversion steps,
almost 40 to 50% of the energy is lost [15]. In AWPT, the power is transferred by propagating energy in
the form of sound or vibration waves. At the transmitting side, the electrical signals are converted
into pressure waves by a transducer. The waves propagate through a medium and then are collected
by the receiving side transducer, which converts it back into electrical signals. The benefit of AWPT
is that it can achieve higher power beam directivity than electromagnetic transmitter of the same
size and the power is transferred omnidirectional which reduces the losses such as coil misalignment
but the power transfer capability and efficiency of the AWPT is very less compared to other WPT
systems [12,17,18]. In RIPT, the power transfer takes place between a transmitter coil and a receiver coil
using electromagnetic induction. A typical RIPT WPT system is shown in Figure 1, which consists of:

e DC voltage source.

e DC/high-frequency AC inverter.
e  Compensation networks.

e Transmitting and receiving coils.
®  Rectifier.

®  Regulatory circuitry.

I

Compensation AC/DC Regulatory Energy Storage
Network Rectifier Circuitry Device

Reciever
Coil

Transmitter __ Compensation DCIHF AC ACIDC )
Cail @‘_| Network H Converter H Converter H Grid |

Figure 1. Typical RIPT WPT system.

To transfer the power from the transmitter coil to the receiver coil, the DC power is converted into
high-frequency (HF) AC power through an inverter. To cancel out the leakage inductance, improve
the system’s efficiency, and lower the reactive power transfer in the WPT system, compensation
networks are required on both the transmitting and receiving sides. The compensation network on the
transmitting side eliminates the phase difference between the voltage and current, which minimizes
the reactive power transfer, while on the receiving side, it maximizes the power transfer by improving
the efficiency [19,20]. The required system characteristics, i.e., constant voltage or constant current,
can also be achieved using suitable compensation networks. Based on the output characteristics,
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the compensation networks can be broadly divided into four different categories, i.e., series-series
(SS), series-parallel (SP), parallel-parallel (PP), and parallel-series (PS) [21]. The equivalent circuit
diagrams of these topologies are shown in Figure 2. In PP and PS, the transmitter coil does not transfer
power in the absence of the receiver coil, protecting the source. Although it is a safe power transfer,
during the misalignment of both coils, the topology cannot transfer high power [22]. The SP topology
can transfer high power with constant output voltage, but it depends on the load variation, and the
voltage gain is too high [23]. The SS topology is the most commonly used technique as the value of the
capacitor is independent of the mutual inductance and load resistance [24]. In the SS topology, the
resonant frequency is independent of the coupling coefficient and load conditions. This independence
is very important as the coupling coefficient varies with misalignments between the coils, and when
charging, the resistance of the battery changes. The problem with using the SS topology is that the
output current has an inverse relationship with the duty cycle of the DC-DC converter due to which
traditional control methods cannot be used. To solve the problem of this inverse relation, the LCC-S
compensation topology was introduced in [25], which can achieve adjustable constant voltage at the
input of the DC-DC converter.

b L
[ZR]
e o e o
c c (i C
Ui Iy S R lin T Iy 5 R
@ ®)

I M M
il I
C e o
Uin = S=C R Tin g: = S T=C2R
(c) (C)]

Figure 2. Basic compensation networks (a) series-series, (b) parallel-series, (c) series-parallel, and
(d) parallel-parallel.

The primary objective of the WPT system is to transfer the energy from the transmitter to
charge the energy storage device, i.e., battery, ultra-capacitor, etc. For the simplification of the WPT
system design, the energy storage device is considered as a variable load. Furthermore, based on the
compensation topology, the WPT system efficiency varies with the load, i.e., the system can achieve the
maximum efficiency at a particular resistance value [26]. The objective is to keep the system efficiency
high regardless of the load variations. A common approach to solve this issue is to implement a
DC-DC converter after the rectifier circuit, which adjust its input resistance by altering the duty
cycle of the switch. According to the mentioned approach, researchers have implemented different
DC-DC converters such as buck and boost converters [26,27]. By controlling the duty cycle, the input
resistance of the buck and boost converter can be altered in the range of R;, — +oc0and 0 — Ry,
respectively [28]. Conventionally, proportional-integral-derivative (PID) control is the method used to
adjust the duty cycle of the DC-DC converter [26,29]. However, due to the linear nature of the PID
control, the regulation is limited to a small region. To overcome the shortcomings of PID, the author
in [30] proposed a sliding mode control (SMC) for the secondary side DC-DC converter. Due to the
non-linear nature of SMC, compared to PID, it is not limited to a small region, but still under the
load variations, it exhibits overshoots and has chattering at the equilibrium point. A super-twisting
differentiator based high order sliding mode controller (HOSM+STD) was presented in [31]. Compared
to the SMC, HOSM+STD has a quicker response during the transition phase, but the controller depends
on an optimizing factor “$”, which needed to be adjusted for different voltage levels. Otherwise, the
response time of the controller will be slow.
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Based on the mentioned research work, the LCC-S compensation network based WPT system
with a secondary side buck converter is presented in this paper. To control the duty cycle of the buck
converter, the discrete fast terminal sliding mode controller (DFTSMC) is proposed to overcome the
shortcomings of the SMC. An ultra-capacitor (UC) is connected as the system load, the resistance of
which will vary during the charging process. The objective of the paper is to control the duty ratio of
the buck converter to maintain the maximum system efficiency during the charging process. Based on
the charging requirements of the UC, an efficient control strategy is adopted to ensure that the UC
is charged with maximum efficiency. The LCC-S compensation topology is implemented to ensure
constant output voltage at the input of the buck converter during the variations in its duty cycle.
Depending on the system requirements, the DFTSMC controller regulates the output current or output
power under the variations in the connected load.

The paper is structured as follows. Section 2 presents the design and analysis of LCC-S
compensation for the WPT system. The relationship of the system efficiency with respect to output load
is derived and then transferred to the relationship between the output power and efficiency. The UC
charging strategy and the design of the DFTSMC for the buck converter are presented in Section 3.
The simulation results of the proposed system and the comparison with other control schemes are
discussed in Section 4. Section 5 presents the experimental validation of the proposed system, and
Section 6 concludes the paper.

2. Analysis of the LCC-S Compensation Network

The circuit diagram of the proposed system using LCC-S compensation with the buck converter
and UC is shown in Figure 3.

N X
> E%‘ Se T Lok Loy
11 —|
—’—‘ N— =
L + Ly = v__+
= ; >< E DSZS C== RL@U{JM
R - -
S3 S—4E‘: Rey
Discrete Fast Terminal
Sliding Mode Controller

Figure 3. Circuit diagram of the proposed WPT system.

Ly and Cy; are the compensation inductor and compensation capacitors for the transmitting
side, respectively. L1 and L, are the self-inductances of the primary and secondary coils, and C; and
C; are the series capacitors for the transmitting and receiving side, respectively. V4p is the inverted
AC voltage by the high-frequency inverters, and V,;, is the output voltage of the receiving coil. M is
the mutual inductance between the two coils, and wy is the operating resonant frequency. U;, is the
input DC voltage, and U,y is the output DC voltage. R 11, Ry, and R, are the self-resistances of the
compensation inductor, primary coil, and secondary coil, respectively. L, C, and Ss are the inductor,
capacitor, and IGBT switch of the buck converter, respectively. R is the equivalent resistance of the
UC, which varies with its state of charge (SOC).

The equivalent circuit diagram of the proposed system is shown in Figure 4. The R is the
equivalent resistance of the buck converter, which is equal to:

1

Req = ERL (€]
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ab T

Figure 4. Equivalent diagram of proposed system.

The system can be analyzed using the two-port network theory. To convert the system into a
two-port network, the secondary side parameters are transferred to the primary side. The two-port
network of the system is shown in Figure 5. Z, is the transferred impedance of the secondary side, and
V7, is the voltage across Z;. Z, can be calculated as follows,

2012
w M
Zy = —n 2
’ qu + Ry @
The system’s two-port network can be expressed using the following equations:
Vap = Zuh+Zph 3)
V= Zah+Znh

Converting Equation (3) into matrix form:

Vap Z11 2 L @)
Vi, Zn Zxn I
11 ____________
+ Lgy

Figure 5. Two port network of the proposed system.

To find the system impedance matrix, two modes are used. In the first mode, shown in Figure 6a,
the load is disconnected, which makes I, = 0. In the second mode, shown in Figure 6b, the input source
is disconnected, which makes I; = 0. Using the two cases, the system impedances are calculated as:

Zy = V%; lL=0= Rg1 +j <WLf1 - wéﬂ) 5)
Zn = %*b |L—0= ﬁ (6)

Zy = ‘Eb [n—0= Ry +j <CUL1 - %fl - wlC1> )
Zip = V%f ln=0= ﬁ 8)
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Figure 6. (a) Mode 1: Load is disconnected. (b) Mode 2: Input source is disconnected.

Using the following equations, the system’s parameters are tuned in such a way that the system
input voltage and current have zero-phase difference.

1

- _ 9

Cn= ot ©)

C = __r (10)
' W2(L - L)

1
_ 11
CZ 2 L2 ( )
When the system’s parameters satisfy Equations (9)—(11), then Equations (5) to (8) become:

Zn = Rp

Zip =2y = jwLgp 12)

Zy = Ry

The voltage gain from inverter output voltage to the secondary coil output voltage can be
calculated as follows,

V, V, v
Gy = || = | b | b (13)
Y Vag Va1 Vas
According to the two-port network theory, “//f; can be calculated using the following formula,
Vil Z01Z, B WL M?
Vag|  Zn (Zr+Zn) — Z12Zn 202 2 (14)
' (Ro+Reg) (Rpr (R4 +Ry) + (wlp)
From the circuit diagrams, shown in Figures 5 and 6, V,; and V;b can be derived as,
jwMIz
V,=|21"% )R 1
ab <R2 +Req) “a ( 5)
w?M?I,
V= _—"% 16
ab R2 i Req ( )
Substituting Equations (14)—(16) into Equation (13), the system’s voltage gain is derived as,
w?Ls MR
Gy = A (17)

(Ra+ Reg) (Rf1 (g%{{zq +R1> T (wal)z>
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Similarly, according to the characteristics of the two-port network theory, the inverter output
current [; and primary coil current I; and the current gain G; can be calculated as:

Vag (Zoo + Zy) Vag (R1R2 + RiReq + w?M?)

b= Zn (Zo +2Zr) — ZiaZot 2 (18)

Ryt (RiRz + RiRey +w2M?) + (L1 )" (R + Reg)

VapZo1 VapwLp1(Ro + Reg)

b= Zn (Zo +2r) — ZuZo 2 (19)

r Rf1 (RiRy + RiReg + w?M2) + (wal) (Ra + Reg)

wLg (R + R
G = L|_ _ Zn _ £1 (Ra+ Reg) 20)
L| Zi4+Zpn  w?M?+ Ry (Ro+ Rey)
Using Equation (19), the secondary coil current can be derived as,
w?MLV,

= f1VAB 1)

2
Ryt (RiR; + RiReg + w2M?) + (wLpy )" (Ra + Rey)

Under the assumption that the system is under resonance condition and there are no conduction
losses in the inverter, rectifier, and buck converter, the system efficiency can be calculated as,

Vil R R,
_ ab"2 eq GyG; eq

_ g _ _ Beg 2
1= Vaph Ry + Ry Rz + Reg @2)

Substituting Equations (17) and (20) into Equation (22), the system’s efficiency can be obtained as,
472
w*L 1

202 2 212 2
(Rfl (R‘Z+Rm +R1> + (“’Lﬂ) ) (R‘Z+RW +R1> (Ra + Req)

M?Req

n= (23)

For the system parameters listed in Table 1 and 2, the relationship between the system’s efficiency
17 and load resistance R4 is shown in Figure 7. It can be seen that at a particular resistance Ry, i.e.,
11 O, the system can operate at maximum efficiency. R,, can be derived by differentiating Equation (23)
with respect to R, and R, can be derived as follows,

2
{R]RZRﬂ TR, (wal) T RLflszZ} (R1Ry + w2 M?)

Ry {Rﬂ%m T (wal)z}

an
IRy

=0= Ry = (24)

According to Equation (1), for varying R;, the buck converter duty cycle u can be used to
regulate Req=Rop to make sure that the system operates at maximum efficiency. For the ease of control
designing, the optimal resistance R,, can be translated into optimal power P,;,. When the output
power of the system is Py, the system will operate at maximum efficiency. Using Equation (17), P,
can be obtained as,

wW?Lp 1 MRegVag

Rop) (Ra + Reg) (Rf1 (,g;zfﬁzq + Rl) + (wLﬂ)z)

(25)
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Using Equation (25), the relationship between the efficiency and the output power is shown in
Figure 8. It can be seen that at Py, i.e., 120 Watts, the system efficiency is highest. To track the system
output power P, to this maximum efficiency point, the DFTSMC controller is designed in the next
section to control the duty cycle u of the secondary side buck converter.
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Figure 7. Efficiency, 57 vs. Req.
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Figure 8. Efficiency, 77 vs. Poyt.

3. Discrete Fast Terminal Sliding Mode Controller Design for the Buck Converter

During the charging of the ultra-capacitor, its voltage U, and current I, vary in real time due to
which R}, constantly varies and can be derived as follows,

Ry = e (26)
IMC

The ultra-capacitor can be charged at maximum efficiency if the system output power is equal
to the optimal power, i.e., Pout=P,p. However, if initially, U, is too low and it is charged with high
power, then it will draw an enormous amount of current, which can damage the system. To solve this
issue, the charging of the ultra-capacitor is divided into two stages. The charging strategy is shown in
Figure 9. In the first stage, constant current I,, f is provided to the ultra-capacitor till its voltage U,

reaches Uj,, then in the second stage, it is charged with optimal power P, for maximum efficiency.

Iref n
Tuc -
Pout + v
rl u
v | x| Pal] T @ DFTSMC |— 4~ -

N Viz T

Figure 9. Charging strategy for the ultra-capacitor.
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In order to regulate the output current (Ioy¢) and output power (Poyt) to the desired I,y and Py,
respectively, a buck converter at the secondary side of the proposed system is used. The required
references can be tracked by controlling the duty cycle of the switch S5. The circuit diagram of the
buck converter is shown in Figure 3. Under the assumption that the buck converter is operating in
continuous conduction mode, the following dynamic model is derived.

P Vap Uout
I=u} . 27)
- _ Iy Uout
uout - C RLC (28)

where I}, and U,y are the values of the inductor current and capacitor voltage. u = [0,1] is the duty
ratio, used to generate the driving cycle for the switch. For the control design, we will average the
model over one switching period. If x; is the average value of I}, x; is the average value of Uy, and u
is the average value of u, then Equations (27) and (28) take the form,

. V. X
e @9)
X1 X2
2= ¢ T RC (30)

By controlling the output voltage of the buck converter, the output current I,,; and output power
Pout of the proposed structure can be tracked to the desired references, i.e., I,y and Py.f, respectively.

Vin = LefRe (31)

Vi = \/PopRL (32)

A discrete fast terminal sliding mode controller is designed to generate the required duty ratio for
these reference voltages. For this purpose, an error signal is defined.

€1 = Xp — Vr' (33)

where (j = 1,2). When j = 1, the controller will track constant current, and for j = 2, the controller will
track constant power. By converging the e; to zero, we can get our desired result. The dynamic model
in Equations (29) and (30) can be rewritten as,

; . ; X1 X2 y
E]ZXZ—V”‘:E—RLT—V”‘ (34)
To simplify the expressing, a new variable e; is defined as,
e =é (35)
Taking the derivative of e, and using Equations (34), (29), and (30), it yields:
. 1 X2 V/j ..
ey = c (HVab - (JCQ — V,j) - V,]') ~RC + RC ™ V,,j (36)

The overall dynamic model can be represented as follows,

{p?l N - .. @)
éo Ic (Vvab —e] — V,]') + rC (V,]' — 62) — V,/
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Using Euler’s discretization method, the dynamical model presented in Equation (37) can be
discretized as follows,

" 38
e2(k+1) = ex(k)+ ge (Vi (k) —e2 (k) = Vi (k) + £ (4 (K) Vi (K) — ex (k) = Vi (k) o

{e1 (k+1) = e (k) +hey (k)

where } is the sampling period. To converge these error signals to zero, a fast terminal sliding surface
can be designed as follows,

s (k) = e2 (k) + arer (K) + asign (ey (k) ler (k)| (39)

where 0 < a1h < 1,0 < aph < 1,and 0 < g < 1 with p and g positive odd integers. As discussed
in [32], the sliding mode condition occurs when s(k + 1) = 0, and Equation (39) becomes,

s(k+1) =0 =azsign (e (k+1)) |er (k+ 1)\5 +ey(k+1)+age; (k+1)=0 (40)
Substituting Equation (38) into (40), it yields,

h

0 =e2 (K) + s (1 () Vi (K) — 1 (K) — Vs )+ e (0 -2 ®) ra @ ®+ha®)
+asign (ex (K) + ez (1) ex (K) + hea (B)]F — k(K

Finally by solving Equation (41), the DFTSMC law can be obtained as,

_ nv,; (k . hV,;
u(k) = héﬂf (Ez (k) (1 — % +1X1h> + R]C( )> - hl‘ﬁjh <€1 (k) (Dél - %) — th] (k) — LC]>

_ Wfb (vczsign (e1 (k) + hey (k) |e1 (k) + hea (k)‘§>

(42)

4. Results and Discussion

To verify the performance of the proposed controller, simulations were performed in
MATLAB/Simulink using the “Sim Power Systems” toolbox under the abrupt and time-varying
fluctuation in load R;.. The uncontrolled rectifier was connected to the load through the buck converter,
which was controlled by the DFTSMC. Under variations in “R;”, DFTSMC could regulate the output
current I,;; and output power Py,;. The specifications of the wireless charging system are shown in
Table 1. Using Equations (9)—(11), the parameters of the compensation network were designed and are
listed in Table 2. The parameters of the buck converter and DFTSMC are listed in Table 3.

Table 1. Wireless charger parameters.

Symbol Parameter Value

Vin Input voltage 80V

Ly Transmitting coil inductance 400 uH
Ry Transmitting coil resistance ~ ~300 mQ)
Lo Receiving coil inductance 30 uH

Ry Receiving coil resistance ~120 mQ)
M Mutual inductance 60 uH

fs Switching frequency 40 kHz

P, Output power 120 Watts
I Output current 5A
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Table 2. Compensation network parameters.

Symbol Parameter Value
Lp Transmitting side compensation inductance 135 uH
Cn Transmitting side parallel compensation capacitance  0.117 pF
(] Transmitting side series compensation capacitance 0.059 uF
Rp Transmitting side compensation inductor resistance 200 mQ)
G Receiving side series compensation capacitance 0.52 uF

Table 3. Buck converter and DFTSMC parameters.

S