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1 Introduction

1.1 Problem Statement
In 2023, China’s wind power installed capacity reached 441.34 gigawatts, accounting for 15.11% of

the total installed capacity for power generation, with a year-on-year increase of 20.7% [1]. This growth
trend underscores the escalating demand for wind energy as a renewable power source. Moreover, there’s
a growing interest among ordinary consumers in small-scale wind power solutions, driven by a desire for
decentralized energy generation and environmental sustainability.

However, challenges persist in the wind power sector, including issues of low stability inherent to
wind energy, the substantial land footprint required by traditional large-scale installations, and the high
maintenance costs associated with such setups. These drawbacks highlight the pressing need for innova-
tive solutions that address the reliability and cost-effectiveness of a small-scale wind power generation
system, particularly in the context of smaller, more accessible systems tailored to meet the evolving needs
of diverse user groups.

Therefore, the project aims to design a small-scale wind power generation systemwith power routing
functionality. This entails creating a compact and efficient system capable of harnessing wind energy
while incorporating mechanisms to seamlessly switch between power sources to ensure an uninterrupted
electricity supply. Key objectives include maximizing power output, enhancing system reliability, and
optimizing energy management for diverse applications.

1.2 Solution Overview
The envisaged solution endeavors to furnish a comprehensive apparatus of appropriate dimensions

tailored to furnish electrical power to consumers residing in regions characterized by significant wind
activity. Comprising pre-assembled wind turbine apparatus, a power rectification module facilitating
AC-DC conversion, and a suite of controllers facilitating maximum power point tracking (MPPT) and
safety protocols, this solution is poised to address the exigencies of reliable and efficient power generation.

Moreover, a power routing mechanism is envisaged to seamlessly transition to an alternative power
source in the event of wind turbine malfunction. Augmenting operational transparency, a user inter-
face is incorporated to furnish real-time data encompassing voltage, current, and power source statuses.
Additionally, to bolster safety protocols, supplementary fusing mechanisms and emergency shutdown
functionalities are meticulously integrated into the design paradigm.

1.3 Visual Aid
The visual aid shows the components and their interconnections, which demonstrates the top-level

design of the solution. It is shown in Figure 1.1.

1.4 High-Level Requirements
For the final implementation of our solution, the following high-level requirements must be satisfied:
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1. The system must be able to deliver stable DC voltage 12 V±10% and power up to 100 W. While
the output voltage can be specified by the user using a mobile app, the current and voltage ripple
should not exceed 10% in steady-state.

2. The system must be able to provide a local and remote user interface. The local user interface
should indicate the basic status of the system (power on/off, running normally / in fault, WiFi
connected/disconnected, backup power in use/standby/fault.)

3. The system must disconnect its output from the wind power and the backup power when power
delivered to the users exceeds 150 W for more than 1 s.

Wind TurbineWind Turbine

Modular 
Multilevel 
Converter

DC-DC 
Router

Power Output

System 
Controller

Control 
Panel

ServerServer
Backup 
Power

Backup 
Power

Figure 1.1 The visual aid of the solution.
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2 Design

The design of the system can be broken into three major parts. The power transmission module
converts wind power to electricity and directs it to the users. The power routing module connects the
output to the backup power source or the MMC based on the necessary power needed for the load. The
system controller module processes the user interface, monitors the status of the system, and assures the
safety of the system. Figure 2.1 presents the block diagram of the system.

All Requirements and Verification Tables (R&V Tables) are listed in Appendix A.

Power Router

Logic Circuit

Breaker

Breaker

Wind TurbineWind Turbine

DC Output

System ControllerSystem Controller
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Voltage and Current 
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Voltage SensorsVoltage Sensors
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Measuring Unit

Current Sensors
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MMC Controller

MOSFET Drivers
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…
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Wireless 
Communication

ESP8266

Wireless 
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UART

UART

I/V 
Sensors

I/V 
Sensors
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TCP / IP
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Legend

Power Flow
Data Flow

5 V/3.3 V Power
UART Comm. Protocol

Internet

STM32F103ZET6

DC-DC

LCD ScreenSPI

2

2

Analog

Analog

Figure 2.1 The block diagram of the system.

2.1 Wind Turbine
The primary power source of the system is a horizontal-axis wind turbine, which is connected to

the Modular Multilevel Converter (MMC, to be discussed in §2.2 and Chapter 3). It has eight blades and
could automatically turn to the direction of wind. Table 2.1 lists the parameters of the wind turbine.
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Table 2.1 Parameters of the Wind Turbine

Item Parameter

Rated Voltage 24 V
Rated Power 200 W
Rated Speed 950 rpm

Startup Wind Speed 1.5 m/s
Figure 2.2 The horizontal-axis wind turbine.

2.2 Modular Multilevel Converter
The Modular Multilevel Converter (MMC) is a AC-DC/DC-AC conversion technology convention-

ally used in High Voltage Direct Current (HVDC) transmission. The team tries to verify the feasibility
of this technology in low-power scenarios and test its performance in this project.

The MMC is the key component of AC-DC conversion between the wind turbine and the user end.
It automatically traces the maximum power point and adjust the output voltage, so as to maximize the
efficiency of the wind turbine. While the circuit topology of an MMC is simple, the control algorithm
poses a major challenge to the team. Figure 2.3 illustrates the circuit design of the MMC.

Chapter 3 will present a further discussion on the topology and the control algorithm of the MMC.
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VD2K

Figure 2.3 The circuit of a modular multilevel converter.

2.3 Power Router
The power router is designed to switch between the MMC module and the backup power supply. It

is composed of a logic control circuit and two electromagnetic relays, which can be controlled by a 5 V
signal. The logic circuit receives a signal from the system controller (PWRSEL) and button (PWROFF),
then gives two different signals to the two relays(one control the MMC and the other control the backup
power supply), which is shown in Figure 2.4. There are two NOT gates and two AND gates in the
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logic circuit, which are used to handle basic logic operations. When the PWROFF signal is high, the
power router will switch to the backup power supply by give high voltage to the certain relay. When the
PWRSEL signal is high and PWROFF signal is low, the power router will switch to the MMC module.
Table 2.2 presents the truth table of the logic circuit.

The two relays, shown in Figure 2.5, are used to switch the power source between the MMC and
the backup power supply. When it receive the signal from the system controller, the high voltage will be
given to the triode and connect the low side of relay to the ground, then the relay will close. A diode is
also used to protect the relay from the reverse current. The power router is designed to handle a maximum
power of 200 W and a maximum voltage of 24 V.

Table 2.2 Truth Table of the Logic Circuit

𝑃𝑊𝑅𝑆𝐸𝐿 𝑃𝑊𝑅𝑂𝐹𝐹 𝐸𝑁_𝐵𝑅1 𝐸𝑁_𝐵𝑅2

0 0 1 0
0 1 0 0
1 0 0 1
1 1 0 0

PWRSEL
EN_BR1

EN_BR2
PWROFF

Figure 2.4 The logic circuit.

Figure 2.5 The two relays.
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2.4 Voltage and Current Measuring Unit
The Voltage and Current Measuring Unit (VCMU) is designed to measure the voltage and current.

The voltage sensor is composed of a voltage divider and then it will give the small voltage to the control
part. The voltage divider is used to measure the output voltage of the MMC module, the back up power
and the output of the system, the divider is also shown in Figure 2.6. The maximum input voltage is 30 V,
and the voltage divider is designed to convert the input voltage to 3 V to match the input voltage of the
control part.

2.4.1 Current and Voltage Sensors
The current measurement is composed of a current sensor chip, which is shown in Figure 2.7, and its

accessory circuit. The current sensor is used to measure the current and change it to output voltage. Here
we use existing MT9523CT-20BF5, which is a Hall effect-based linear current sensor chip and could
measure up to 20 A DC current. The voltage output of the chip has a linear relationship with the current,

𝑉𝑚𝑒𝑎𝑠,𝐼 = 𝑉𝑐𝑐/2 + 𝐼 × 100 mV/A. (2.1)

Vin

R1

R2

Vout

Figure 2.6 The voltage divider. Figure 2.7 The current sensor chip.

Figure 2.8 The circuit of the current sensor chip.

2.5 DC-DC Converter
The DC-DC converter is designed to convert the output voltage of the power router to the voltage

chosen by the user. The DC-DC converter is composed of a buck-boost converter. It receive the signal
from the system controller and adjust the output voltage to the desired voltage. The DC-DC converter
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is designed to handle a maximum power of 200 W and a maximum voltage of 30 V. The circuit of the
DC-DC converter is shown in Figure 2.9.

When the switch is on, the output voltage at the right end is maintained by the capacitor discharge.
When the switch is off, the inductive current flows to the capacitor and the load, charging the capacitor.
So the output voltage and the input voltage will have the following relationship:

−𝑉𝑜𝑢𝑡 =
𝐷

1 − 𝐷
𝑉𝑖𝑛, (2.2)

where 𝐷 is the duty cycle of the switch.

DC L1 C1 R1

+

-

Vout

D1Q1

Figure 2.9 The circuit of the DC-DC converter.

Figure 2.10 The PCB design of the DC-DC converter.

2.6 System Controller
The system controller is designed to provide support functions including generating PWM control

signals for the DC/DC converter, processing user interface, and providing safety measures. By reading
the voltage and current info from VCMU, it delivers real-time power information to the user interfaces
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and controls DC/DC converter by adjusting the duty ratio of the PWM signal. Connected to a wireless
communication module, it also allows the users to monitor the system status and send instructions. To
maximize the efficiency of MCU computing resources, FreeRTOS [2] is introduced to provide multi-task
processing.

2.6.1 Hardware Design
The controller is integrated into the motherboard of the system, which is composed of a minimal

system of STM32F103ZET6, an ESP-12F Wi-Fi module manufactured by Ai-Thinker, LEDs indicating
system status (also called the Local User Interface; see §2.8), and ports to connect the motherboard to
other modules of the system. Figure 2.11 shows the PCB design of the system controller board, or the
mother board. See Appendix B for detailed design schematics.
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Figure 2.11 Left: The PCB design schematic of motherboard. Right: The photo of the motherboard
PCB.

2.6.2 Software Design
The STM32 is programmed using FreeRTOS with CMSIS-RTOS API. The FreeRTOS handles

multitasking and allows different tasks to be performed in parallel. The tasks communicate with each
other using message queues. Figures 2.12 and 2.13 demonstrates the architecture of the FreeRTOS-
integrated system.
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UART1

UART2

ADC1

D
M
A

uint8_t uart2_rx_data[255]

uint32_t adc1_data[3]

esp_rx_queue ESP-12F

PC

Sensors
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adc_value_tsksys_pwr_queue

Figure 2.12 The peripherals and the IRQ functions of the MCU.

esp_rx_queue pwr_cmd_queueesp_msg

esp_tx_queue

esp_send_handler

usr_voltage_queue dcdc_ctrl TIM3_CH2

UART2

pwr_monitor

GPIOs

pwrSelCmd_queue

K_EB

esp_connesp_response_queue

GPIOs

dcdc_voltage_queue

sys_pwr_queue

Task (thread)

Legend

Message queue

Peripheral

Data flow

adc_value_tskuint32_t adc1_data[3]

Global variable

Figure 2.13 Tasks and message queues of FreeRTOS.

2.7 Wireless Communication
The wireless communication subsystem aims to transmit data between the system and the user client

app, which is composed of an ESP-12F module and an MQTT server. (See ) This subsystem works
according to instructions received from its serial port and can transmit data between MQTT servers
and itself. Equipped with a Wi-Fi MCU designed by ESPRESSIF, the ESP-12F supports 2.4 GHz WiFi
communication and can be driven using AT instruction set [3], [4]. The AT supports easy connection to
WiFi hotspots and MQTT server [4], which eases the development of this project.

The MQTT server used in the project is an Aliyun Simple Application Server with Ubuntu 20.04,
which providesMQTTmessaging services through the open-source version of EMQX software [5]. Note
that MQTT is selected to be our desired protocol because of its lightweight, efficiency, and the nature of
bi-directional communications [6].

As is mentioned in §2.6, the wireless communication subsystem is the key to delivering system infor-
mation to the users. It should pack real-time power delivery, source connected to the power output, MMC
status and backup power status together and deliver it to the MQTT server at topic system/status. It
is also expected to listen to topic usr/cmd to catch any user instructions including power on/off. Figure
2.14 shows the circuit of the wireless communication module, and Table 2.3 shows the MQTT topics and
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their functions.

Figure 2.14 The schematic of wireless communication module.

Table 2.3 MQTT Topics and Their Functions

Topic QoS Function

system/pwr 0 Real-time power of sources and system output
system/warning 2 Warning information of the system.

usr/cmd 2 User instructions.
dev/log 2 System logging for development purposes.

2.8 Local User Interface
The Local User Interface (LUI) is a control panel connected to the system controller through wires.

It contains a set of buttons and LEDs that allow users to perform basic operations on the system and be
informed of its status. It also contains a panic button which could cut off all power sources and stop the
turbine to avoid any disasters.

The LUI is integrated to the system motherboard, which is shown in Figure 2.11.

2.9 Remote User Interface
The Remote User Interface (RUI) is composed of an MQTT server on Aliyun and an Android app.

The MQTT server allows message exchange between the system and the remote user client, so users can
control and monitor the system without approaching the wind turbine. While the architecture of the RUI
is shown in Figure 2.15, the following sections will explain the two major components of this subsystem.

2.9.1 MQTT Server
The MQTT server (or the broker) is deployed on the cloud, which receives and broadcasts the mes-

sages from and to clients connected. The protocol, Message Queuing Telemetry Transport (MQTT) is
a lightweight publish/subscribe messaging protocol that is often used for machine-to-machine (M2M)
or Internet of Things (IoT) communications. It is designed to be efficient and reliable, even in situa-
tions with limited bandwidth or unreliable network connections [6]. MQTT allows devices to exchange
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messages with a broker, which then distributes those messages to any clients that subscribe the relevant
topics. This makes it a popular choice for connecting and controlling remote devices, such as sensors
and actuators, in various applications. Table 2.4 shows the parameters of the server we rented to deploy
the MQTT broker.

Table 2.4 Parameters of the MQTT Server

Item Parameter

Internet Bandwidth 3 Mbps
Memory 2 GB

OS Ubuntu 20.04
MQTT Message Platform EMQX
Supported Protocol Version MQTT 5.0

2.9.2 Mobile App: PowerPeek
“PowerPeek” is designed to allow users to interact with the system on their mobile phones without

approaching the wind turbine. As the wind turbine is placed outdoors, it is often difficult to approach
especially under bad weather. Therefore, designing amobile app is a more convenient way to demonstrate
the system information to the users while keeping them from being exposed to the danger of bad weather
and the risk of being hurt by the blades.

This app will be implemented using MIT App Inventor [7] with MQTT extension from Ullis [8].
The layout of PowerPeek should look like Figure 2.16.

ESP-12F MQTT Broker PowerPeekSTM32 MCU Msg Msg

AT Instructions

Msg

Internet Transmission

Figure 2.15 Architecture design of PowerPeek.

Server Addr.:

Client ID:

Username:

Password:

Power On

Power Off

Output Power:

Output Voltage:

Output Current:

Output Source:

Generator Voltage:

114.51 W

12.11 V

9.45 A

Turb. + Bkup

10.23 V

©2024 PowerPeek

Figure 2.16 UI design of PowerPeek.
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3 Tolerance Analysis

3.1 Modular Multilevel Converter
The Modular Multilevel Converter (MMC) is the most important design of this project, as it trans-

forms wind power into electricity. First raised by R. Marquart in 2011, this technology was originally
designed for High Voltage Direct Current Transmission [9]. Though MMC is designed for HVDC, the
team still attaches great importance to its potential for convenience in maintenance due to its nature to
be modular. The functionality and efficiency of the MMC are the most important factors in the success
of this project. In this chapter, the circuit topology of the MMC will be discussed and the nearest level
control (NLC) algorithm will be introduced. The simulation results are also demonstrated to show the
validity of the select control algorithm.

3.1.1 MMC Topology
According to [9], MMC is composed of a cascading connection of a number of converter submodules

to obtain voltage waveforms having high quality, which is shown in Figure 3.1. In this project, we put six
submodules on each phase, three on each branch. Each branch is connected to one phase of the output
of the wind turbine.

A submodule of MMC is composed of two semiconductor switching devices (𝑄1 and 𝑄2) and a
capacitor. The status of 𝑄1 and 𝑄2 controls if the capacitor is connected to the converter in series or
bypassed. Figure 3.2 illustrates a typical MMC submodule.

Referring to [10], [11], a single submodule has three states: the ON state or inserted state, the OFF
state or bypassed state, and the blocked state, as are demonstrated in Figure 3.3. The submodule changes
its working state with VT1, VT2, and K. The relationship is listed in Table 3.1.

The ON State In this state, VT1 is set to high and VT2 to low, which turns the upper IGBT on and
lower IGBT off, allowing current to flow through the capacitor. The capacitor is charged or discharged
with the change of the terminal voltage of the submodule, i.e. VS = VC.

The OFF State In this state, VT1 is set to low and VT2 to high. The capacitor is bypassed by this IGBT
configuration, and the voltage across the submodule becomes VS = 0.

The blocked State This is a special state where the switch is closed, which allows the submodule to
be fully disconnected from the converter. This allows the converter to disable certain submodules when
they are not operable, which adds to the robustness of the system.
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Figure 3.2 The MMC submodule.

Table 3.1 Working States of A Submodule with Different VT1 and VT2

State VT1 VT2 K Vout

* 0 0 0 *
OFF 0 1 0 0
ON 1 0 0 VC
* 1 1 0 0

blocked * * 1 VC

3.1.2 Nearest Level Control

Principles

Figure 3.4 shows a single-phase MMC topology. By KVL, the phase voltage 𝑢 𝑗 should satisfy

𝑢 𝑗 =
𝑈𝑑𝑐

2
− 𝑢𝑝 𝑗 − 𝐿

d𝑖𝑝 𝑗

d𝑡
− 𝑅𝑖𝑝 𝑗 (3.1)

𝑢 𝑗 = −𝑈𝑑𝑐

2
+ 𝑢𝑛 𝑗 − 𝐿

d𝑖𝑛 𝑗
d𝑡

− 𝑅𝑖𝑛 𝑗 (3.2)

solving which will give

𝑢 𝑗 =
𝑢𝑛 𝑗 − 𝑢𝑝 𝑗

2
−
(
𝐿

2
d𝑖 𝑗
d𝑡

+
𝑅𝑖 𝑗

2

)
. (3.3)
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VT1=1

VT2=0

VC

VD1

VD2K=0

VT1=0

VT2=1

VC

VD1

VD2K=0

VT1

VT2

VC

VD1

VD2K=1

ON OFF blocked

VS VS VS

Figure 3.3 Different working states of a single MMC submodule.

Eq. (3.3) illustrates the linear relationship bewteen 𝑢 𝑗 and the difference between the two bridges,
𝑢𝑛 𝑗 − 𝑢𝑝 𝑗 . As the line inductance 𝐿 is fairly small, the effect of induced current can be ignored. Hence,
𝑢𝑛 𝑗 − 𝑢𝑝 𝑗 should be controlled respecting to the phase voltage 𝑢 𝑗 .

Assume we have some ways to keep the voltage across the capacitor,𝑈𝑆𝑀 , constant. At some time,
the number of submodules inserted to the circuit on the positive bridge is 𝑁𝑝 𝑗 , and the negative bridge
𝑁𝑛 𝑗 . The output voltage𝑈𝑑𝑐 can be written as

𝑈𝑆𝑀

[
𝑁𝑝 𝑗 +

(
−𝑁𝑛 𝑗

) ]
= 𝑈𝑑𝑐 . (3.4)

The total number of submodules inserted should be constant,

𝑁 = 𝑁𝑝 𝑗 + 𝑁𝑛 𝑗 . (3.5)

Solving Eq. (3.3) (3.4) and (3.5) yields

𝑁𝑝 𝑗 =
𝑁

2
− round

(
𝑢 𝑗

𝑈𝑆𝑀

)
(3.6)

𝑁𝑛 𝑗 =
𝑁

2
+ round

(
𝑢 𝑗

𝑈𝑆𝑀

)
. (3.7)

Hence, the goals of the control algorithm are

1. Keep voltage across capacitors𝑈𝑆𝑀 constant.
2. Keep number of submodules inserted on the bridges satisfying Eq. (3.6) and (3.7).

Control Algorithm

Based on the principles discussed in §3.1.2, we raised an algorithm that maintains𝑈𝑆𝑀 . Noted that
the actual voltage across the capacitors, 𝑢𝑆𝑀 , shall not be constant as the circuit involves AC components.
Hence when choosing the specific submodules to insert, the circuit should try to charge and discharge the
capacitors accordingly. Note that when the bridge current 𝑖 𝑗 > 0, the capacitors that in the ON state will
be charged, and vice versa. So the priority of SM that should be inserted is of ascend order according to
the Voltage𝑈𝑆𝑀 of each SM when 𝑖 𝑗 > 0. And of descend order when 𝑖 𝑗 < 0.

The number of submodules inserted on the positive and negative bridges should be calculated ac-

14
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Figure 3.4 The single-phase MMC topology [12, Fig. 1].

cording to Eq. (3.6) and (3.7), which is already determined. The control algorithm is demonstrated in
Algorithm 1.

Algorithm 1: Nearest Level Control Algorithm
Input: The phase voltage 𝑢 𝑗 , the number of submodules 𝑁 , the voltage across each submodule

𝑈𝑆𝑀 , the bridge current 𝑖 𝑗 .
Output: The PWM signal for the positive and negative bridges 𝑃𝑊𝑀𝑝, 𝑃𝑊𝑀𝑛.
if 𝑖 𝑗 > 0 then

𝐼𝑑𝑝 = Index of upper submodules in ascending order according to𝑈𝑆𝑀 ;
else

𝐼𝑑𝑛 = Index of lower submodules in descending order according to𝑈𝑆𝑀 ;

𝑁𝑝 𝑗 = 𝑁
2 − round

(
𝑢 𝑗

𝑈𝑆𝑀

)
;

𝑁𝑛 𝑗 = 𝑁
2 + round

(
𝑢 𝑗

𝑈𝑆𝑀

)
;

for 𝑖 = 1 to 𝑁 do
if 𝑖 ≤ 𝑁𝑝 𝑗 then

𝑃𝑊𝑀𝑝 (𝐼𝑑𝑝 (𝑖)) = 1;
else

𝑃𝑊𝑀𝑝 (𝐼𝑑𝑝 (𝑖)) = 0
if 𝑖 ≤ 𝑁𝑛 𝑗 then

𝑃𝑊𝑀𝑛 (𝐼𝑑𝑛 (𝑖)) = 1;
else

𝑃𝑊𝑀𝑛 (𝐼𝑑𝑛 (𝑖)) = 0;
return 𝑃𝑊𝑀𝑝, 𝑃𝑊𝑀𝑛;

3.1.3 Simulation Results
The team built an MMC AC-DC converter model using Simulink, and took the following parame-

ters:
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Table 3.2 Parameters of the Model in Simulink

Item Parameter

AC Input 20 V, 10 Hz
Desired SM Capacitor Voltage 4 V

Desired Output Voltage 12 V

As is shown in Figure 3.5 our control algorithm could produce correct output voltage with ±1.1 V
ripple, which satisfies our design specification. The voltage across SM capacitors,𝑈𝑆𝑀 , remains almost
constant at 3.9 V with a ripple ±1 V. Those results indicate that our proposed solution for NLC could
work properly. The AC input voltage and the PWM waves used for controlling are illustrated in Figure
3.6 and 3.7 respectively.

Figure 3.5 The MMC output voltage.
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Figure 3.6 The MMC input voltage from wind turbine.

Figure 3.7 The MMC PWM.

Figure 3.8 The MMC capacitor voltage.
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4 Cost and Schedule

4.1 Cost Analysis
Labor Cost According to [13], the estimated labor cost of each partner of the team can be calculated
by

𝐸 = 2.5𝑆 · 𝑇 (4.1)

where 𝑆 is the ideal salary per hour and 𝑇 is the actual hours spent on the project. According to the TA
salary at ZJUI in 2022, it is possible to assume 𝑆 =￥50 yuan/h. The project lasts 11 weeks, and each
person has to work 4 hours a day, 6 days a week, which is 𝑇 = 4 × 6 × 11 hours throughout the semester.
This gives

𝐸 = 2.5 × 50 × 264 =￥33 000.00 yuan/person. (4.2)

Material Cost As the PCB design has not been finalized, the following cost analysis table (Table 4.1)
should only be taken as an estimation. The total financial cost of this project should be 33000 × 3 +
1713.84 =￥100 713.84.

Table 4.1 Estimated Material Cost Analysis Table

Item Price per Unit (CNY) Amount Subtotal (CNY)

Wind Turbine (24V200W) 670 1 670
ATK STM32F103 Core Board Dev. Kit 297.16 1 297.16
ATK ESP8266D WiFi MCU Module 22.82 1 22.82
Support Rod of Wind Turbine 100 1 100
Panic Button (Taibang) 4 1 4
Panic Button (CHNT) 6.8 2 6.26
ACS712 Current Measuring Module 8.36 1 13.6
DSP28377 Dev. Kit (from lab) 0 1 0
Wires 3.27 4 13.08
PCB Manufacturing and Components 200 3 600

Total ￥1 726.89

Mass Production For mass production, the MCUminimum system board is no longer needed; instead,
the STM32F103 MCU can be directly integrated into the main PCB. This also applies to ESP8266 WiFi
MCU and DSP28377 MCU. The support rod of the turbine could be cheaper, as mass production of such
metal components can be done using automatic machines which is cheaper. Assume 1000 sets can be
sold throughout the lifecycle of the product, the labor cost in development distributed to each set will be
￥100.71. The following Table 4.2 should apply.
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Table 4.2 Estimated Mass-Production Cost Analysis Table

Item Price per Unit (CNY) Amount Subtotal (CNY)

Wind Turbine (24V200W) 670 1 670
STM32F103 MCU 15 1 15
ESP8266 WiFi MCU 4.8 1 4.8
Support Rod of Wind Turbine 80 1 80
Panic Button (Taibang) 4 3 12
DSP28377 MCU 150 1 150
PCB Manufacturing and Components 200 1 200
Human Resource in Product Development 100.72

Total ￥1 232.52

4.2 Schedule
The design of the project started after the team returned to the campus on Feb. 26, and the Final

Demo period starts on May 6. Tentatively, the team plans to divide the project into milestones for each
week, which is shown in Table 4.3.

Table 4.3 The Tentative Schedule

Date External Control MMC

February 26 – March 17 Project proposal, request for approval and initial thoughts.
March 18 – March 24 System overall design. Simulation and verification of con-

trol algorithm.
March 25 – March 31 (1) PCB design of system con-

troller and sensors; (2) Wireless
communication program in CMSIS-
FreeRTOS.

(1) Simulation and verification of
control algorithm; (2) PCB design.

April 1 – April 7 (1) System controller and sensor
testing; (2) Hardware design revi-
sion; (3) Power monitoring program
in CMSIS-FreeRTOS.

PCB design.

April 8 – April 14 (1) Simulation and hardware design
of dual-input DC-DC converter; (2)
Design of Android App “Power-
Peek”.

(1) MMC Hardware testing; (2)
MMC control algorithm program-
ming.

April 15 – April 21 (1) Testing dual-input DC-DC con-
verter; (2) Programming its control
algorithm.

MMC control algorithm program-
ming and testing.

April 22 – April 29 System debug.
April 30 – May 5 (1) System debug; (2) Preparation for Demo.
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5 Ethics and Safety

5.1 Safety
Safety is always the top priority when it comes to the design of physical systems. As this project

involves electrical and mechanical parts, the safety of the surroundings of the system is important. To
ensure safety within the development process and the throughout lifecycle of the product, it is vital to
keep the following requirements satisfied:

1. Keep clear of the wind turbine whenever it is unlocked and can rotate freely to avoid any people
being hurt by the rotating turbine. Safety distance of the turbine is set to 2 m.

2. Keep the circuit well enclosed within water-resistant containers whenever the generator system is
applied in any outdoor environment.

3. All power transmission lines within the generator system should be properly fused to avoid fire
triggered by overheat.

4. All subsystems related to rechargeable battery use should comply with “Safe Practice for Lead
Acid and Lithium Batteries” [14], and the customized battery charger should comply with “House-
hold and similar electrical appliances – Safety – Particular requirements for battery chargers” (GB
4706.18-2014) [15].

5. All wires and devices that have current and/or voltage exceeding the limit set by China National
Standard “Extra-low voltage (ELV) – Limit values” (GB/T 3805-2008) [16] should be kept un-
reachable by the surroundings unless they are unconnected to power.

6. The generator system should comply with the following China National Standards:

(a) “Household And Similar Electrical Appliances – Safety – Part 1: General Requirements”
(GB 4706-2005) [17].

(b) “Generator of Small Wind Turbines – Part 1: Technical Condition” (GB/T 10760.1-2017)
[18].

5.2 Ethics
Ethical considerations are vital to a successful product design. The development of the project

should strictly follow “IEEE Code of Ethics” [19], and the team will devote themselves to upholding
integrity, responsibility, and professionalism. The product should not convey discrimination towards any
person or group, and be kept from injuring any surroundings.

In detail, the following requirements should be remembered during and after the senior design
project:

1. The “IEEE Code of Ethics” [19] especially mentions that the engineers should “hold paramount,
the safety, health, and welfare of the public,” which is vital to the success of this project. The safety
and health of any person or animal involved in this project should be ensured. For this project, the
turbine should be kept from injuring any animals like birds that fly by, and any people around.
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Careful check is necessary before unlocking the turbine and starting the system to ensure people
around are aware of the rotating paddles and animals are away from the testing site.

2. Academic integrity is important to this project. During the development, any work done by another
person or team that is applied to this project should be cited properly in any documents written for
this course. The team should make sure the project submitted is their original work, and to “credit
properly the contributions of others” [19] when presenting their work in either written form or oral
form.

3. Teamwork matters. The team agrees that they will “seek, accept, and offer honest criticism of
technical work” [19] to each other. Everyone in the team should be “treated fairly and with respect”
[19]. The team should not discriminate against anyone either in or out of the team.

4. Compliance. The development process and the product itself should comply with relevant laws
and national standards mentioned in §5.1. The purchase of any materials needed for the project
should be properly recorded and archived for further investigation of expenditures.
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Appendix A Requirements and Verification Tables

Table A.1 Requirements and Verification Table of the Wind Turbine

ID Requirement Verification

1 The wind turbine will output
24 V.

Take the turbine outside and measure the output voltage
of the turbine and the current wind speed when there is
wind.

Table A.2 Requirements and Verification Table of the MMC

ID Requirement Verification

1 The MMC could generate DC
12 V±10% output.

Observe the output waveform using oscilloscope.

2 The MMC could stablize the
DC output voltagewithin 1 s af-
ter the load changes. The over-
shoot voltage should not exceed
15 V.

Table A.3 Requirements and Verification Table of the Power Router

ID Requirement Verification

1 The logic control circuit re-
ceive PWROFF and PWRSEL
and give EN_BR1 and
EN_BR2 to relays.

Give high or low voltage(use 5 V and 0 V here.) to
PWRSEL and PWROFF. Check whether the two output
follow the truth table or not.

2 The two relays receive signals
from the logic control circuit
and choose the break-make of
the MMC and back-up battery.

Give the signal to each relay and check the connection of
the two circuit.

3 The power router receive the
signals from the system con-
trol and choose which should
be connect to the load.

Send signals to the two input of power router, check if it
can change which power supply to the load(Here we can
use an oscilloscope.) in 0.1 ms.
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Table A.4 Requirements and Verification Table of the Voltage and Current Measuring Unit

ID Requirement Verification

1 The voltage divider convert
30 V to 3 V.

Give 30 V input and check if it output 3 V.

2 The current transformer can
convert the current to voltage.

Place the current transformer in a circuit with a known
current and check if the output voltage is 𝑉𝑜𝑢𝑡 = 𝑉𝑐𝑐/2 +
100 mV/A × 𝐼𝑖𝑛.

3 TheCurrentmeasuring unit can
measure the current of maxi-
mum 20 A.

Place the current transformer into the circuit, and change
the value of resistor to very the current from the 0 A to
20 A, check if the output gives the right voltage.

Table A.5 Requirements and Verification Table of the System Controller and Local User Interface

ID Requirement Verification

1 The system reads voltage and
current info from VCMU at a
frequency of 1 kHz.

Add console output instruction to data read functions with
timestamps. Give simulated voltage and current to the
VCMU, and check the timestamps of the console output.

2 The system calculates real-time
power with an error of less than
10%.

Print calculated power to the PC console and see if the
difference between the calculated and the simulated power
is less than 10% of the simulated power.

3 The controller shall send a
power-off signal to the router if
the power delivered exceeds the
designed maximum power tol-
eration for more than 1 s.

Send a timestamp to the PC console when the power-off
signal is sent to the router. Apply a test power that exceeds
150W, and record the exact time when applied. Check the
difference between the time applying the simulated power
and sending the power-off signal to see if it exceeds 1 s.

4 The controller shall send a sig-
nal to the router to compen-
sate for power from the backup
source if the MMC fails to de-
liver sufficient power.

a) Simulate MMC failure scenarios by disconnecting the
turbine and verify the router receives the signal to switch
to backup power. b) Simulate insufficient MMC power
scenarios and verify if the router receives the signal to
switch to backup power.

5 The controller should be able
to drive the Wireless Commu-
nication subsystem to send and
receive JSON-formatted mes-
sage.

Turn on the mobile hotspot and run an MQTT server.
Write test programs to subscribe to a topic and publish
a JSON-formatted message. Check if the MQTT client
on the PC can receive the message sent by the system,
and if the system can read the message sent by the PC
MQTT client. Verify if the system can correctly extract
items from the JSON message.
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Table A.5 Requirements and Verification Table of the System Controller and Local User Interface

ID Requirement Verification
6 The controller shall control

LEDs on the control panel to
indicate system status and pro-
vide visual warnings.

Inspect LED behavior when powering on the system,
changing the output power source, connecting/discon-
necting wireless network and simulating overload scenar-
ios to ensure they accurately represent system status and
provide visual warnings.

7 The system should report the
low battery voltage of the
5 V/3.3 V supply module.

Connect a dying battery to the 5 V/3.3 V power supply and
check if the low battery voltage message is received by the
user client.

Table A.6 Requirements and Verification Table of Wireless Communication

ID Requirement Verification

1 The module should connect the
MQTT server successfully.

Start the MQTT server and send AT instructions
from the system controller. Check if the EMQX
Dashboard shows an active connection from ATK-
ESP8266D.

2 The module sends JSON-formatted
messages based on instructions from
the system controller.

Program the system controller and let the module
publish a test message to a test topic. Check if an-
other MQTT client on PC can receive the message.

3 The module receives JSON-
formatted messages and transmits
them to the system controller.

Program the system controller and let the controller
send a console output message when receiving mes-
sages fromATK-8266D. Check if such output appear
when sending a message to the ATK-ESP8266D.

4 The module automatically recon-
nects the MQTT server when the
connection fails.

After a stable connection to the MQTT server is es-
tablished, turn off the MQTT service on the server
and restart it 2 s later. Check if the connection is re-
covered within 5 s.

5 The module automatically recon-
nects the WiFi Access Point when
the connection fails.

After a stable connection to the Acess Point is estab-
lished, turn off the Acess Point and restart it 1 s later.
Check if the connection is recovered.

Table A.7 Requirements and Verification Table of the Remote User Interface

ID Requirement Verification

1 The app can connect to the
MQTT broker.

Enter broker IP and credentials and check the dashboard
of the broker server if the client is connected.
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Table A.7 Requirements and Verification Table of the Remote User Interface

ID Requirement Verification
2 The app can display real-time

system information.
Run the system and connect output to the Digital Multi-
meter (DMM). Check if (1) the app shows real-time power
information, and (2) the displayed information matches
the DMM.

3 The app can remotely start the
system by tapping the “Power
On”/“Power Off” buttons.

Tap the two buttons and check if the system output pro-
duces correct result.
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Appendix B Schematics

In the following pages, the current schematics of the system are demonstrated.
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