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Abstract. The main purpose of this article is to develop and design a USB_PD fast charging
circuit based on the Type C interface, to increase the battery life of electronic devices, provide
an optimal power mode (minimum interface supply voltage of 5V while increasing the charging
current). In this article, LDOs (Low Voltage Linear Regulator) are selected to implement an
FPGA buck power supply, which is a fixed output regulator that provides low voltage output
with current limiting, thermal shutdown, and battery reversal protection. To achieve this goal,
the problems of high power consumption and low battery life caused by the rapid development
of mobile devices such as mobile phones are analyzed, and it is indicated that the most effective
solution at present is to increase the charging efficiency. The article briefly talks about the current
state of fast charging research. The general structure of the USB PD fast charging protocol, the
structure and functions of each part are analyzed. The physical layer simulation of the USB
PD controller is completed using Verilog HDL, the function and implementation principle of
each module is detailed, and the VCS is used for simulation to ensure that the design function
is correct. The above-described board-level design is tested based on a programmable logic
integrated circuit, and a logic analyzer and a protocol analyzer are used on the test results to
achieve the expected design goals.
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Annotanusa. OcHOBHa 1LIeJIb B JAHHOU CTaThe 3aKII0YaeTCs B pa3pabOTKe U MPOEKTUPOBAHUU
cxembl ObicTpoii 3apssnku USB_PD Ha ocHoBe untepdeiica Type C, mis yBeaudeHUs] BpeMeHU
aBTOHOMHOM paOOTHI 3JIEKTPOHHBIX YCTPOMCTB, 00SCIICUCHNE ONMTUMAIBHOTO PEXXMUMa MUTAHUS
(MMHUMAJIbHOM HAaIpsKeHUU MUTaHUs MHTepdeiica 5 B ipu yBenmueHnu 3apsgHoro Toka). B
naHHoit ctatbe BeIOpaHbl LDO (Low Voltage Linear Regulator) aist peanu3aumny MOHMXKAIOIIETO
uctouHuka nutaHusi FPGA, KoTopblii peacTaBisieT co0oi cTabuausaTop ¢ GUKCUPOBaHHBIM
BBIXOJIOM, KOTODBIIi 00ecleuruBaeT HU3KOE HaIpsKeHUEe, Ha BbIXO/E C OTPAHUYEHUEM IO TOKY,
OTKJIIOYEHUEM ITIpM TIeperpeBe M 3alllUTOI OT IeperoIocOBKU Oatapen. s peann3anum Mo-
CTaBJICHHOU IIEJIM MPOAHAIM3UPOBAHBI ITPOOJIEMBI BEICOKOTO 3HEPrOMOTPEOICHNSI 1 HU3KOTO
BpeMEHU aBTOHOMHOI pabOThI, BRI3BAHHBIE OBICTPBIM Pa3BUTHEM MOOUIBHBIX YCTPOUCTB, TAKMX
KakK MOOUJbHbIEe TeJae(OHbI, U YKa3aHO, YTO HanboJjee 3((HEeKTUBHBIM pPEllIeHMEM B HaCTOsIlIee
BpeMs SBJISIeTCS TOBbIIeHUE 3G (GEKTUBHOCTU 3apsiiku. B cTaTbe KpaTKO paccKa3biBaeTcsl O
TeKYLIEM COCTOSIHUM UCCleNoBaHUI ObICTpOU 3apsaku. [IpoaHanu3nupoBaHa oOl1ast CTPYKTypa
npoTtokoja owicTpoit 3apsiaku USB PD, crpykrtypa u dyHkumm kaxmoii yactu. Moaenuposa-
Hue dusnyeckoro yposHss USB-koutpoiepa PD 3aBepiiero ¢ ncnonb3oBanuem Verilog HDL,
GYHKUMSA U MPUHLIUT peann3alnuy Kaxa0ro Moayist oapoOHo npeacraBiieHbl, a VCS ucnomiab-
3yeTcs sl MOJEIMPOBaHUs, YTOObI TapaHTUPOBATh MPAaBUIbHOCTb MPOEKTHON (PYyHKUMU. Bbi-
MOJIHSIETCSI TIPOBEPKA BHIIIEONMUCAHHONW KOHCTPYKIIMM Ha YpPOBHE IJIaThl HA OCHOBE IMporpaM-
MUPYEMOI1 JIOTUUECKOI UHTErPAIbHON CXEMBI, a TAKXKE UCIOJIb3YIOTCS JIOTUYECKUIA aHATU3aTOP
U aHAJIM3aTOP MPOTOKOJIOB ISl aHAM3a Pe3yIbTaTOB MPOBEPKU TSI TOCTUKEHUST 0XUIaeMbIX
1eJieli MPOeKTUPOBAHMUSI.

KioueBbie ciaoBa: Mmoayib ObicTpoil 3apsiaku, npoTokoiaa USB-PD, unrepdeiic, Type C, npo-
TOKOJI Tiepeaayr SHEPIUr

Jlng nutupoBanusa: Kozhubaev Y.N., Ovchinnikova E.N., Gorelik M.A., Yiming Y. Design and
control of a fast charging module based on the USB-PD protocol // Computing, Telecommunicae
tions and Control. 2023. T. 16, Ne 3. C. 64—73. DOI: 10.18721/JCSTCS.16306

Introduction

With the continuous digitization, the needs of applications in the field of data interaction and pow-
er transmission have further expanded. Whether it is stationary devices such as desktop computers, TVs,
workstations, or portable devices such as mobile phones and tablet computers, the USB interface is un-
doubtedly the most direct link between data transmission and electricity [1—3]. Modern equipment not
only imposes explicit requirements for increasing the data transfer rate, but also puts forward additional
requirements for the throughput of the USB interface [4—6]. The ability to transfer 100W of power has be-
come the goal that the USB 3.1 interface specification hopes to achieve, and only USB TYPE-C interface
can support the transfer of this power. This requirement cannot be met according to the traditional USB
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Fig. 1. Schematic diagram of intrusion detection

3.0 interface protocol specifications and below, and it is necessary to promote and apply the USB 3.1 pro-
tocol specification, which can support high power and high-speed data transmission [7—8].

With the popularization of smart devices, the performance of smartphones has become higher and
higher, with more and more functions, and the hardware has improved greatly. At present, lithium batteries
are mainly used in power supplies for portable electronic devices. The problem of poor device endurance is
usually solved by increasing the capacity of lithium batteries. However, this method increases the weight of
the device. Before lithium battery technology makes a major breakthrough, increasing its charging speed
is another way to solve this problem. The fast-charging protocol is based on a certain battery capacity, re-
duces the charging time by increasing the charging power, and the way to increase the charging power is to
start from the charging voltage and charging current. Usually there are three ways: increase the charging
current while the charging voltage is unchanged, and the charging current is unchanged. At the same time,
the charging voltage increases, and the charging voltage and current increase simultaneously [9—11].

Research status and development trends

The USB interface (Fig. 1) is divided into USB Type A, USB Type B, USB Type C, Mini USB, and Mi-
cro USB interfaces. The Type-C interface provides a smaller, thinner, and more durable interface instead
of the traditional physical interface. Several significant advantages of the Type-C interface: The thickness
of the Type-C interface is only 2.4mm, which can be used in ultra-high. In some thin devices, the Type-C
interface is symmetrical, supporting the positive and negative insertion of the plug, at the same time, it also
supports the positive and negative insertion of the cable direction [12—14].

The USB_PD protocol can provide a maximum power of 20V/5A for charging. Traditional USB
Type A and USB Type B interfaces cannot transmit such high power. USB_IF organization formulat-
ed USB Type C. The interface specification stipulates that a standard data line equipped with Type C
interface can transmit a maximum current of 5A, in order to cooperate with the USB_PD fast charging
protocol to achieve maximum power transfer; USB Type C The interface is compatible with the functions
of the previous generation interface, and its transfer rate can also reach 40Gbps. And there is a very con-
venient advantage that there is no need to distinguish the direction of the interface [15—17]. Now there are
more and other devices equipped with USB Type C interface, and interface unification is a trend, because
the 100W USB_PD fast charging protocol transmission power can match the charging power of most
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electronic products. Requirements and characteristics do not need to distinguish between the direction of
the interface, widely used in consumer electronics such as smart phones and thin and light laptops, and
will be popularized in more portable electronic devices. In the future, USB PD may use the same charger
and charging cable when charging different devices, which is useful to reduce resource wastage caused by
different devices having to be equipped with different chargers [18—20].

Development of the USB_PD protocol based on the Type C interface

When the charger is charging the electric appliance, only after the charger and the electric appliance
are connected stably, safe and fast charging can be done, so the insertion detection work should be the first
step. As mentioned above, setting up the power supply in this design is done by connecting the CC line
between the two devices. Initially, the USB Type-C VBUS interface has no power, and the system needs to
connect a cable between the two devices. The role of the device is determined at connection time. A device
whose CC line on a socket is pulled high is defined as a power supply terminal, and a device that goes low
is defined as a power terminal.

Figure 1 shows a method for determining the role of power supply and demand, cable orientation, and
current supply capability. Source terminals CC1 and CC2 are driven high through resistor Rp, and detect-
ed CCl1 or CC2 is always high when nothing is connected. After connecting the power terminal, the voltage
of CC1 or CC2 is reduced by the resistor Rd. Since there is only one CC wire in the cable, the source can
tell which CC is low. The voltage CC1 or CC2 of the consumer is also determined. Once the CC line is
detected to be high voltage, its voltage level will allow the consumer to know the current capacity of the
power supply. The pull-up resistor Rp in the circuit can also be replaced by a current source that is easily
implemented in an integrated circuit and can be immune to V+ supply voltage error.

It can be seen from the principles above that the CC line at the source end will cause voltage variations
before and after switching on. In this design, two op-amp comparators opl and op2 are used to compare
the voltage changes before and after CC1 and CC2, respectively, and then according to the output signals
oplout and op2out of the two op-amps, it is determined whether CC1 and CC2 are inserted [21—23].

Simulation based on programmable logic integrated circuits (FPGA)

Test plan

To make sure that the USB PD controller can work properly, you need to check the design goals with
the following aspects in mind. Check if the discovery plug-in works normally and can start communicating
with the PD normally after detecting the connection of the device. Whether the hardware circuit performs
data processing in transmitted data packets as intended. Whether the source side and the receiver side can
normally send and receive data, can they correctly analyze the received data and give appropriate feedback.
The test setup in this article is to use the Alter Cyclon IV EP4ACE6E22CN Development Board and the
USB PD Protocol Tester (POWER-Z) as the test platform. The emulator simulates a charging terminal,
and the USB PD protocol tester simulates a power consumption terminal (set to monitor mode). After the
system is powered on, when the emulator detects that a device is inserted, it starts sending its own capabil-
ity power supply to the tester. To facilitate observation, a logic analyzer is used to capture the waveform on
the CC line, a PD protocol analyzer is used to analyze the waveform, and an oscilloscope is used to observe
the voltage on the CC line during the power matching process [24—26].

If, after the test, the source terminal and the sink terminal exchange information, it means that the
function of the input detection module is correct and communication with the PD starts normally. Then,
by analyzing the waveform captured by the logic analyzer, when the 4b5b encoding, BMC encoding, and
crc32 calculation of the transmitted data are fully realized, it indicates that the hardware circuit is work-
ing correctly. Compare the communication results output by the protocol analyzer with the overall pow-
er matching process specified in the protocol. If they match, it means that the PD communication can
complete the negotiation as expected. Finally, observe the voltage on the CC line through the oscilloscope
When the voltage is 1V, indicates that the operating voltage of the CC line is normal.
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Fig. 2. CCl1 Insert Detection Circuit

Construction of the test platform

The IC model chosen in this article, Alter Cyclon IV EP4ACE6E22C8N, has the following features: low-
cost, low-power FPGA architecture with 22320 logical cells, up to 6.3 MB of internal memory, with 80
configurable I/0s, has 4 PLLs. In this design, a stable power supply to the FPGA is achieved by choosing
a model with a fixed output voltage of 3.3V [27—29].

Figure 2 shows the cable entry detection circuit in CC1. When the cable does not enter or exit, the
voltage of CC1 is always at a high level. When the end of the power supply is connected, the voltage of
CCl1 will be pulled down, as shown in figure CC1 PULLDOWN. According to the above principle, it is
only necessary to detect the voltage drop across CCl1 to conclude that the cable is inserted and CCl is
valid.

The LM358 shown in the figure is a dual op-amp. Inside are two independent high-gain operational
amplifiers with internal frequency compensation. [30—32]. It can effectively meet two different require-
ments of single power supply and dual power supply. When operating with this function, the power supply
current is not affected by other factors. Voltage change detection on CCI can be realized with LM358.
When it is determined that the CC1 cable is inserted, the controller starts sending data packets to the
consumer via CC1 to communicate with the PD. CC2 has the same insertion detection scheme as CCl1
[33—35].

In this model, we use quartus II to write the RTL code to the FPGA. Fig. 3 shows that the RTL code
was written successfully. Use the keil software to program the C code into a hex file and write it to the em-
ulator to get an FPGA emulator that meets the test requirements, and connect the emulator to the USB
PD protocol tester, logic analyzer and other equipment. construction of a verification platform. As shown
in Fig. 4.

Simulation results

Using a PD protocol analyzer, the waveform represented by the logic analyzer can be analyzed
fully automatically. Fig. 5 shows the entire power negotiation process resulting from the analysis of
the PD protocol analyzer. After the Source is connected to the Sink, power matching occurs first via
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Fig. 4. FPGA Verification Platform

the CC line. Sou sends Source Cap data packets to Sink five times in a row. This data packet contains
five power supply parameter specifications, namely: 5V/3.03A, 9V/2.39A, 12V/2.31A, 15V/1.91A,
20V/1.83A. After successfully receiving the Source limitation, the SINK side first returns GoodCRC
data, and then parse the Source constraint and send the Reqest 5V/3.03A packet to the Source side,
and then complete the whole process according to the communication steps of PD power negotia-
tion. According to the above results, the PD controller can realize the expected power supply through
power matching.
A fragment of the values and steps of the energy matching information is shown in Table 1.

Conclusion

The main work of this article is to simulate a charge controller that supports USB PD fast charging
technology over the USB PD protocol to solve the battery life problem of electronic devices.
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Fig. 5. Power Supply Matching Block Diagram

The general structure of the USB PD fast charging protocol is presented through the USB PD struc-
ture block diagram and the power negotiation process flow diagram, as well as the Device Policy Man-
ager. The Verilog language is used to complete the protocol layer detection design, and to implement the
functions of communication data packet configuration, data packet inspection, data packet analysis,
and data packet information processing. The circuits on the FPGA development board and the design
of the verification platform are examined, and the USB PD logic analyzer and USB PD protocol ana-
lyzer are used to analyze the test results to ensure that the design code follows the design and achieves
the expected function. The test results show that the developed controller implements power matching
during fast charging.
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Table 1
Fragment of values and stages of energy matching information
Step Source Port Sink Port
| The Policy Engine notifies the protocol
layer to send Capabilities packets
The protocol layer forwards Capability
2 packets to the physical layer.
CRCReceiverTimer start time
3 The physical layer adds crc32 The physical layer receives the packet
to Capbilities and sends and completes the crc32 check.
4 Capabilities packets are passed from the

physical layer to the protocol layer.

The Capability packet is passed from the physical
layer to the protocol layer, which compares the
ID in the received packet with the previous

5 one and writes the new ID. The protocol layer
notifies the Policy Engine that a packet has
been received. The Policy Engine starts the

PSTransitionTimer and reduces the current. Policy

Engine Starts Power Supply Transformation.

6 The protocol layer passes the GoodCRC
packet to the physical layer.
7 The physical layer receives the packet The physical layer adds crc32 to
and completes the crc32 check. the GoodCRC message and
The physical layer passes the verified
g GoodCRC packet to the protocol layer,

and then the protocol layer checks and
updates the MessageIDCounter.

The protocol layer notifies the Policy
9 Engine Capabilities message that the
message was successfully sent.

As a result of the simulation of the operation of the PD USB controller based on a field-programmable
logic integrated circuit, the optimal power mode (5V/3.03A) is realized from the 5 provided (5V/3.03A,
9V/2.39A, 12V/2.31A, 15V/1.91A, 20V/1.83A) power parameters. According to the results in the article,
the PD controller can realize the expected power delivery through power matching.
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