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Abstract: Smart street lights are the key carrier of smart cities and dual carbon goals. Aiming at the problems of high
energy consumption of street lamps, extensive control, lack of dynamic adaptation capabilities of existing smart street
lamps, and the vulnerability of centralized photovoltaics to shadows and module aging, this paper proposes a distributed
MPPT photovoltaic-energy storage-lighting integrated system. The system hardware integrates high-precision sampling,
STM32 main control, DC-DC conversion and lithium iron phosphate battery management; The software integrates traffic
flow monitoring, people flow statistics and multi-factor linear regression dimming algorithm to realize perception and
dynamic dimming. Through the three-layer architecture of perception-processing-cloud, the system not only improves the
efficiency of photovoltaic power generation and adapts to complex lighting, but also has been preliminarily verified to
have significant technical feasibility and economic value in terms of power generation efficiency, energy saving and cost

reduction, and full life cycle costs.
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1. Introduction

Under the guidance of the national strategic goal of “carbon peaking in 2030 and carbon neutrality in 2060, the
construction of smart cities has put forward urgent requirements for the intelligence and energy saving of road
lighting systems ""’. As a clean distributed energy source, the application of photovoltaic energy in street lighting
scenarios has become an important trend. However, centralized photovoltaic power supply systems are easily
affected by local shadows in complex cities, resulting in a sharp drop in overall power generation efficiency,
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and widespread extensive control and unreasonable layout, problems such as high operation and maintenance
costs. At present, my country’s traffic street lamps have a large scale and significant energy-saving potential, but
most of the research on smart street lamps is still in the initial stage, lacking an intelligent control system that
integrates perception and human and vehicle flow, and fails to optimize energy utilization. In response to the
above bottlenecks, this paper proposes a “photovoltaic-energy storage-lighting integration” smart street lighting
system, which improves the power generation efficiency under shadow conditions through distributed MPPT
technology, and combines intelligent control algorithms to achieve “on-demand lighting” . At present, relevant
research mostly focuses on algorithm simulation and conceptual design, and there are still obvious gaps in low-
cost MPPT hardware circuits suitable for single lamps, multi-module integration adaptability, and quantitative
analysis of full life cycle economic benefits in complex scenarios.

This paper will carry out research from four dimensions: theoretical basis, hardware design, economic
benefits and conclusion outlook, explain the core technology of the system in turn, design the hardware
circuit of the distributed MPPT controller in detail, build an economic benefit comparison model and conduct
quantitative analysis, and finally summarize the technical advantages And look forward to the future direction,
in order to provide support for the practical application and promotion of smart street lighting systems (Figure 1).
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Figure 1. Full process flowchart.

2. Key technology basis of distributed MPPT system
2.1. Photovoltaic cell characteristics and maximum power point tracking principle

The output power of photovoltaic cells is significantly affected by factors such as irradiance, temperature and
shadow, and its maximum power point (MPP) will drift dynamically with changes . The higher the irradiance,
the larger the corresponding power value of MPP, and the MPP will move along the power-voltage curve; The
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increase in temperature will cause the open circuit voltage of the photovoltaic module to drop, make the MPP
shift to the low voltage direction, and at the same time its power peak. In addition, the shadow may cause the
“hot spot effect” of the photovoltaic module, resulting in multiple peaks in the output characteristic curve,
making the MPP distribution scattered and unstable, and seriously affecting the overall output power of the
system. Maximum power point tracking(MPPT) technology has become the key to improve the efficiency of
photovoltaic utilization.

The basic working principle of MPPT is to collect the output voltage and current of the photovoltaic panel
in real time through the sampling circuit, calculate the instantaneous output power, and judge the position
deviation between the current working point and the real-time maximum power point according to the specific
tracking algorithm, and determine the adjustment direction of the voltage or current . After that, by controlling
the duty cycle of the DC-DC power converter circuit, the equivalent load of the photovoltaic panel is changed,
and the working voltage and current of the photovoltaic panel are dynamically adjusted, so that the working
point of the system is close to and stable near the maximum power point. The closed-loop control can realize
the state that the PV panel is still close to the maximum power output when the parameters change.

2.2. Mainstream MPPT algorithms and feasibility analysis of hardware implementation
2.2.1. Perturbation observation method

By changing the output voltage (or current) of the photovoltaic cell periodically, the disturbance observation
method detects the power change trend, so that the disturbance direction gradually approaches the MPP .
This algorithm is simple in principle, does not need the accurate photovoltaic parameter model, the hardware
sampling link is relatively simple, and the dynamic response is fast. It is the least difficult MPPT algorithm
to implement on the microcontroller side . Core steps such as voltage/current sampling, power calculation,
comparison, and duty cycle adjustment can be completed only by relying on MCU general-purpose peripherals,
and even 8-bit or 16-bit low-cost MCUs can be competent. The algorithm runs stably, does not have the
problem of integral saturation or parameter drift, and occupies low resource. However, it also has some
shortcomings, such as steady-state oscillation, tracking misjudgment when the irradiance changes rapidly,
and the contradiction between the disturbance step size and the tracking performance. Its core parameters
(disturbance step size and sampling interval) have clear requirements for hardware sampling. If the step size is
too small, high-resolution ADC is required, and if it is too large, it will cause steady-state loss; If the sampling
interval is too short, unstable transient values may be collected, resulting in power judgment errors, and if the
sampling interval is too long, the speed will be tracked. For single-rod PV systems (whose PV array transient
response time is generally 10-50ms), the sampling interval is usually set to 50-200ms. Considering the low-cost
requirements, a disturbance step size of 1-3% can generally be used with a 10-bit ADC; The sampling interval
is adapted to the transient response time of the system and is set to 50-200ms. Under this requirement, the
universal ADC of low-cost MCU is fully sampled rate required.

2.2.2. Conductance increment method

The conductance increment method is based on the mathematical model of the P-U characteristics of the
photovoltaic array . Based on the theory of the differential of power to voltage at the MPP, the position of
the operating point relative to the MPP is judged by calculating the relationship between the instantaneous
conductance and the conductance increment. The algorithm has good steady-state performance, strong anti-
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interference ability, and accurate dynamic tracking, but the principle is more complex, and the calculation
amount is large, which requires high hardware sampling accuracy and MCU computing ability. It usually
requires 12-bit and above high-resolution ADCs, low-drift voltage/current sensors, and precision signal
conditioning circuits, and relies on 32-bit high-performance MCUs to perform floating-point operations "*'. At
the same time, the algorithm has strict requirements on sampling rate and synchronization control, resulting in
significant hardware cost and system design complexity, which is difficult to match the application requirements
of low-cost, single-pole photovoltaic systems.

2.2.3. Other algorithms

Intelligent MPPT algorithms such as fuzzy control, particle swarm optimization, and neural networks, although
they can effectively deal with the tracking problems of the algorithm under complex conditions, and have the
advantages of strong anti-interference ability, good global optimization ability, and fast tracking speed, they
are common 'l There are problems such as high computing complexity, strict hardware requirements, and
difficult debugging. These algorithms usually rely on high-performance MCU or even DSP support, and the
hardware cost can reach 5-10 times that of the disturbance observation method. It is an excess performance
and low applicability in low-cost single-rod photovoltaic systems with conventional illumination "', On the
other hand, although the hardware implementation of simple algorithms such as the constant voltage method
is simpler, they cannot adapt to the changes of irradiance and temperature, and the tracking accuracy is very
low ¥, They are only suitable for ultra-low-cost simple systems, and it is difficult to meet the power output
requirements of conventional photovoltaic systems.

To sum up, the perturbation-observation method and its variants are the preferred algorithms for low-
cost, single-pole photovoltaic systems in hardware implementation. The main reason is that the algorithm has
the lowest implementation cost, only 8-bit/16-bit general-purpose MCU, 10-bit ADC and basic voltage/current
sampling link are required, no additional expensive hardware is required, and the algorithm implementation and
debugging are relatively simple, the code volume is small, and the logic is clear, even entry-level embedded
personnel can get started quickly, suitable for low-cost design requirements of rapid mass production "*.
The steady-state oscillation problem existing in its version can be effectively optimized through improved
algorithms such as variable step size and hysteresis disturbance, so that the steady-state oscillation loss is

reduced to less than 1%, and at the same time, the dynamic response speed is good. Power utilization target.

2.3. Selection of energy storage technology
As an energy storage unit, the new high-cycle lithium iron phosphate battery performs outstandingly in outdoor
work: its charge and discharge cycles can reach 2,000times (remaining capacity rate > 80%) "' Excellent
thermal stability, decomposition temperature above 200 °C, not easy to catch fire or short circuit in the case
of overcharge, overdischarge or short circuit; The voltage platform is stable (the voltage in the mid-discharge
period is maintained at 3.0V-3.2V), and the output power is stable; It supports 0.2C—1C conventional charging
and discharging, has no memory effect, can be charged at any time, and can work stably in a wide temperature
range of -20°C to 60°C. These characteristics make it highly suitable for the working conditions of street lamps
in harsh outdoor conditions.

The system adopts a “constant current-constant voltage” charging management strategy: in the charging
stage, it first charges at a constant current of 0.3C to 3.65V, and then switches to constant voltage charging
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until the current drops to 0.05C, so as to avoid overcharging and damage to the battery "' In the discharge
stage, a hierarchical discharge strategy is adopted. Combined with the energy consumption demand of street
lamps (the working current of 60W LED lamps is about 5A), 20% of the remaining power is set as the lower
discharge limit. The system supports dual power supply access of mains power and solar energy at the same
time, ensuring that the basic lighting can be maintained for no less than 8 hours after the mains power is cut off.
The charging and discharging management strategy can realize closed-loop control through the timer and ADC
sampling of STM32 single-chip microcomputer, which is conducive to prolonging the battery life and operation
and maintenance costs.

3. Design and implementation of hardware circuit for distributed MPPT controller

3.1. Overall hardware architecture of the system

The system adopts an independent single-pole power supply structure. Its core energy management and
transmission path is: the DC energy output by the photovoltaic panel is first optimized by the MPPT charging
controller, and then charged for the lithium iron phosphate battery energy storage unit. As the energy center
of the system, the energy storage unit provides a stable power supply for subsequent LED drives and lighting
loads, as well as various intelligent perception and control modules . As the core of the power supply system,
MPPT controller integrates key sub-modules such as high-precision sampling circuit, MCU main control unit,
DC-DC power conversion circuit, battery management and protection circuit, and communication interface.
These modules work together to realize the maximum power point tracking of photovoltaic electric energy,
high-efficiency electric energy conversion, intelligent charging and discharging management and safety
protection of lithium batteries, and communicate and interact with the upper system, so as to provide the
stability, efficiency and autonomy of the whole street lamp system. Operation provides core hardware support.

3.2. High-precision sampling circuit design

3.2.1. Voltage sampling circuit

Voltage sampling objects include photovoltaic terminal voltage (12V-24V) and battery terminal voltage
(10.8V—-13.6V) "*l. The design uses a precision resistor voltage dividing network (ratio 10:1) to reduce the
voltage. In order to reduce the influence of temperature drift, the precision metal film resistor with an error
of + 0.1% is selected for the voltage dividing resistor. The signal after voltage division is filtered out of high-
frequency noise by an RC filter circuit (R = 10kQ, C = 0.1uF), and then buffered and impedance matched
by a voltage follower composed of an LM324 operational amplifier to ensure that the input signal of the
ADC channel of the STM32 single-chip microcomputer is stable and reliable. In order to further improve the
sampling accuracy, the reference voltage of the ADC adopts the high-precision reference source REF3030 (error
+ 0.1%), and the final voltage sampling accuracy is better than + 0.5%.

3.2.2. Analysis and selection of current sampling schemes

The accuracy and stability of current sampling directly determine the tracking performance of the disturbance-
observation MPPT algorithm. In order to achieve low-cost and high-reliability system design, it is necessary to
comprehensively compare the mainstream current sampling schemes. This design finally chooses the “sampling
resistor high common mode rejection ratio (CMRR) operational amplifier” scheme instead of Hall current

sensor, mainly based on the following four dimensions:
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(1) Accuracy and linearity: The perturbation observation method needs to accurately identify small power
changes (usually to distinguish > + 0.5% differences) to avoid tracking misjudgments. The sampling
resistor scheme has excellent linearity (full range <+ 0.1%), especially in low light and low current (<
5A) scenarios, with high CMRR (> 80dB) operational amplifiers, it can effectively suppress common-
mode interference, accurately capture power changes, and prevent The algorithm oscillates near the
maximum power point (MPP). In contrast, Hall sensors (especially open-loop sensors) have poor
linearity (= 1%~ £ 3%), and nonlinear and noise problems are more prominent when the current is
small, which can easily lead to power calculation deviations and algorithm misjudgments, resulting in
additional power generation losses;

(2) Cost control: Follow the design goal of “low cost and easy implementation” of the project. The cost
advantage of the sampling resistor solution is significant: the unit price of precision sampling resistor
and high CMRR operational amplifier is low, and there is no need for peripheral isolation or magnetic
core, and the circuit is simple. Hall sensors (especially closed-loop sensors) have a high unit price, and
may require additional power supply and shielding design, which reduces the complexity and overall
cost of the system, and is not conducive to the large-scale promotion of the solution;

(3) Temperature stability: The operating temperature range of street lamps is wide (-20°C~60°C) "\, The
sampling resistance scheme can control the sampling error in the whole temperature range within +
0.3% by selecting low temperature coefficient components (such as metal foil resistance < Sppm/°C,
operational amplifier temperature drift < 0.1uV/°C) combined with software compensation algorithm,
ensuring the stability of the algorithm. The Hall sensor is greatly affected by the temperature, and its
magnetic core is prone to significant drift to the temperature at extreme temperatures, which affects the
sampling accuracy and may cause the MPP tracking point to shift;

(4) Bandwidth and dynamic response: For the typical parameters set by the perturbation observation
method (disturbance step size 0.1V, sampling interval 0.5s), the required sampling bandwidth is about
1kHz~10kHz. The sampling resistor scheme cooperates with operational amplifier (bandwidth is
usually IMHz~10MHz) and appropriate RC filtering (cut-off is about 159Hz), has a fast response speed
(time constant is about 1ms), and can track current changes in real time. Although the bandwidth of the
Hall sensor may be higher, the high-frequency noise is large. Strengthening the filtering to suppress
the noise will introduce signal delay (> Sms), which may affect the timely response of the algorithm to
sudden illumination changes.

To sum up, the “sampling resistance high CMRR operational amplifier” solution is more in line with

the design requirements of this distributed MPPT controller in terms of accuracy, cost, temperature drift and
dynamic response, and is the choice to achieve high-performance and low-cost MPPT tracking.

3.2.3. Temperature sampling circuit

The integrated DHT11 temperature and humidity sensor is selected for temperature sampling *”’. Its temperature
measurement range is 0°C to 50°C, and the accuracy is £2°C. It communicates with the STM32 single-
chip microcomputer through the 12C interface, and the sampling interval is set to 1 second. The collected
temperature data serves two core functions: one is to provide temperature compensation parameters for the
MPPT algorithm, and correct the change of photovoltaic cell MPP with temperature; The second is to connect

to the battery management system (BMS). When the temperature exceeds the safe range (such as lower than
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0°C or higher than 50°C), the charging and discharging current will be automatically or cut off to ensure battery
safety.

3.3. Power conversion and drive circuit design

Buck DC-DC converter is selected as the core power conversion topology. The selection is based on the
actual voltage matching relationship of the system: the operating voltage of the photovoltaic terminal (usually
18V~24V, the lowest is 12V) is higher than the voltage range of the battery terminal (10.8V~13.6V) in most
working conditions. Even under extreme crossover conditions (photovoltaic minimum 12Vvs. cell 13.6V),
the voltages of the two are basically the same, and the Buck topology can still operate in critical or extremely
small duty cycle states. Therefore, there is no need to adopt a more complex and costly Buck-Boost Buck-Boost
topology. With its advantages of simple structure, few power devices, high conversion efficiency, and low cost,
the Buck topology fully meets the design requirements of a single-pole photovoltaic street lamp system.

The power switching device is N-channel enhanced power MOSFET. In low-power, low-voltage street
lamp application scenarios, MOSFETs have the advantages of lower switching losses and simpler drive circuits
than IGBTs. The drive circuit adopts a discrete device push-pull scheme with low cost and high efficiency. The
circuit is composed of S8050 (NPN type) and S8550 (PNP type) transistors, which can provide fast gate charge
and discharge capabilities and ensure fast switching of MOSFET. Gate series resistors (10~100Q2) are used to
balance switching speed and electromagnetic interference (EMI). The 3.3V or 5V PWM signal generated by the
MCU can directly drive this push-pull circuit.

4. Comparative evaluation of economic benefits between distributed and
centralized solutions

4.1. Core definition and architecture differences

The centralized solution adopts the architecture of “central control platform unified transmission network™. All
street lamp terminals (including sensors, LED light sources and controllers) are wired (such as optical fiber/
cable) or wirelessly connected to a single central platform, which centrally completes data processing and
command issuance. Its hardware is highly dependent on central servers and large-scale cabling systems (such as
fiber optic solutions). The distributed solution adopts a hierarchical architecture of “regional local autonomous
control”. The system deploys multiple areas according to geographical areas, and the street lamp terminals
in each area are first connected to the local area to realize data preprocessing and real-time control (such as
dimming and fault warning); The area then interacts with the cloud platform through wireless such as 5G/
LoRaWAN. Its hardware is centered on modular area and wireless communication devices (such as layers in

intelligent networking solutions) "),

4.2. Analysis of key economic factors

4.2.1. Component prices

The cost of centralized components accounts for about 40-50% of the total initial investment. If the component
price drops by 10%, it can only drive the total investment by 4-5%, because core costs such as central servers
and large-scale wiring account for a high proportion and are not affected by component prices. The cost of

distributed components accounts for 60—70% of the total initial investment (area and terminal sensors account

for a relatively high proportion). A 10% drop in component prices can result in a total investment of 6—7%.
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Based on a project of 100,000 street lamps, the upfront cost can be saved by 150,000 to 200,000 yuan. The
decrease in module prices is more significant for improving the economy of distributed solutions, especially in
photovoltaic integration projects (the decrease in the price of photovoltaic panels can directly affect the cost of

distributed energy storage systems) **.

4.2.2. Controller costs

Centrally rely on a central controller with high computing power (the cost is about 50,000—-100,000 yuan per
unit). Every 10% reduction in its cost can make the total initial investment 3—5% (the proportion of central
equipment is high). Distributed relies on a large number of low-cost local controllers (the cost is about 50—100
yuan per unit). For every 10% reduction in its cost, the impact on the total initial investment is only 1-2% (the
impact is small after the cost is allocated by the region). The cost reduction of the controller is more critical
to improve the economy of the centralized scheme. However, the initial cost base of centralized controllers is
large. Even after the cost decreases, its total control cost (about 80,000 yuan for 100,000 projects) is usually still
higher than that of distributed solutions (about 60,000 yuan).

4.2.3. Regional sunshine and shadow conditions

The economic difference between the two schemes is small in the area with sufficient sunshine. Centralized
solutions can optimize charging through unified scheduling, but distributed solutions usually have 5-8% higher
charging efficiency by virtue of local fast adaptation capabilities (charging strategies within 100ms after sudden
sunshine changes). In areas with dense shadows, the unified charging strategy of the centralized solution cannot
adapt to local shadows, which may lead to insufficient charging in shadowed areas and the need to rely on the
grid for power replenishment and electricity expenses. Distributed areas can identify shadows in real time,
and dynamic single-light charging power (such as extending charging time for shadow areas, giving priority
to power storage in non-shadow areas), resulting in dependence on the power grid, making the cost of energy
storage systems 15-20%. In densely shaded areas, the economic advantages of distributed solutions are more
prominent. In areas with sufficient sunshine, although the economic difference between the two has narrowed,
the distributed solution still has the comprehensive advantage of lower operation and maintenance costs.

4.3. Non-economic gains

Distributed solutions show significant systemic advantages at the non-economic level. In terms of reliability,
its “regional autonomy” architecture strictly limits the scope of failure to local areas (usually 50-100 lights),
and combined with the multi-link redundant backup mechanism, the overall availability of the system is greatly
improved from about 95% of the centralized solution to more than 99.9%, effectively avoiding the inherent
risk of “single point of failure, paralysis of the entire network™ of the centralized architecture *”. In terms of
flexibility and scalability, the modular design of the distributed solution supports “plug and play”, which makes
the expansion cost of new functions or devices about 70%, shortens the deployment cycle from several months
to several weeks, and can respond agilely Diversified and dynamically changing urban needs. Most importantly,
in terms of asset health management, the distributed architecture relies on the real-time monitoring and precise
control of the status of the single-lamp energy storage battery realized by the region, which can reduce the
average annual decay rate of the battery from about 15% under the centralized unified strategy to less than 8%,
thereby extending the expected service life of the battery from 3—4 years to 5—6 years **. This not only greatly

increases the cost of battery replacement and operation and maintenance, but also reflects its deep advantages in
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improving system availability and full life cycle value %,

5. Conclusion

The distributed MPPT hardware controller realizes the independent high-precision maximum power point
tracking (MPPT) of each photovoltaic panel by adopting the sampling architecture of “precision voltage
division filter conditioning high-precision benchmark”, the improved adaptive tracking algorithm based on the
disturbance observation method, and the wide voltage dynamic management strategy for lithium iron phosphate
batteries. Its sampling comprehensive error is controlled within £+ 0. 5%, and the tracking efficiency exceeds
95%, thus effectively solving the problems of uneven illumination and shadow occlusion caused by high-rise
buildings and trees in the city. The power generation efficiency of a single photovoltaic panel can be increased
by 15-20%. Although the initial hardware cost of this solution is slightly increased, with the significant power
generation gain and system redundancy reliability, it can cover the cost and create additional energy saving
benefits throughout the product life cycle. In the future, the technology will evolve in the direction of high
hardware integration and low power consumption, algorithm adaptive prediction, and system loT node, through
the introduction of dedicated chips, intelligent power modules, predictive models and reinforcement learning,
and deep integration with smart city platforms. Finally, it will be upgraded from a single lighting controller to a

comprehensive intelligent terminal integrating data acquisition, intelligent regulation and urban services.
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