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Decarbonising residential buildings is a combination of energy demand reduction
on the demand side and renewable electricity generation on the supply side. In Shanghai,
rooftop photovoltaic (PV) generation could be a viable option to reduce household electric
power consumption for detached residential buildings, provided PV array sizing, design of
power conversion, grid-filtering and control strategy are tailored. In this paper a preliminary
electrical design of a grid connected PV power generation system is based on the low
carbon residential building to provide the annual electricity balance is developed. Given a
winter design demand of 17.8 kWh/day, an effective sunshine duration of 3.8 h/day and a
system-loss coefficient of 1.8, the PV capacity is found to be 8.43 kW. A 10.08 kWp array is
selected for use, which consists of 24 mono-crystalline silicon modules, and an estimated
module area of 48.0m2. The design is also specified by the direct current (DC) bus voltage
of 400 V, the frequency of the DC-DC boost converter of 10 kHz, the frequency of the
single-phase sinusoidal pulse-width modulation (SPWM) inverter of 20 kHz, and an
inductor-capacitor-inductor (LCL) grid filter. A hybrid constant-voltage and perturb-and-
observe maximum power point tracking (MPPT) strategy is employed to enhance the PV
operating point tracking under the condition of irradiance change. The simulation results
reveal that the hybrid MPPT controller is able to track the new MPP following an irradiance
drop from 1200 W/m2 to 600 W/m2 at t=0.8 s. Capacitor current feedback active damping
for the LCL filter suppresses the resonance peak and the grid current total harmonic
distortion is less than the design limit of 5.00% at 2.45%. These results are helpful for
electrical feasibility of the proposed grid connected residential PV system.

low-carbon building, photovoltaic power generation system, maximum power
point tracking, LCL filter, harmonic suppression

A major opportunity for decarbonisation of carbon emissions from buildings' operation is the
decarbonisation of residential buildings, as they represent a significant percentage of the global
energy demand and energy-related carbon emissions. Efficiency improvement on the building side
and integration of renewable energies are needed for low-carbon development; in 2022, the global
building and construction industry consumed about 34% of the energy and generated around 37% of
energy- and process-related CO, emissions. The policy goal of China's carbon neutrality before 2060
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and peaking carbon dioxide (CO,) emissions before 2030 also reinforces the need to decrease the
operational CO, emissions from the residential sector [1, 2].

Residential buildings are chosen as the object of study as their electric power consumption is very
closely related to daily life activities like air conditioning, lighting, refrigeration, cooking and
appliances in the households. Past research on decarbonisation of residential buildings in China has
indicated that the measures to be taken for moving towards the long-term carbon neutral operation
of a building include reducing energy intensity of end-uses and promoting BIPV and BAPV
renewable energy generation [3]. Hence, this paper investigates a residential scale PV system, not
only as a stand-alone power-electronic device but also within the framework of a building-level
operational energy-balance strategy.

Shanghai is chosen as the case-study region, for three reasons. Firstly it lies in the hot summer,
cold winter climatic zone, where air-conditioning load, as a residential load, plays a significant role
in determining the electricity demand. Secondly, Shanghai has practical experience of building-
attached PV systems; it was found that monitored rooftop Building Attached Photovoltaic (BAPV)
operation in Shanghai indicates the integration of residential rooftop PV systems in local buildings
and their grid connection [4-6]. Third, Shanghai is a high-density urban area, and has a large
distributed-energy demand, making it a representative test area for the study of the effect of rooftop
PV generation in reducing household electricity consumption. With this background, the following
design is based on a representative case, a detached multigenerational residential dwelling in
Shanghai, to relate the electrical design assumptions to the end-use demand, the air-conditioning
load of the selected dwelling and the feasibility of PV installation on the roof. This specific research
question is thus raised in this paper: What implementation and design of passive energy-efficiency
measures and PVs can be mutually developed and assessed to enable annual operational electricity
balance for a detached house in the Shanghai region?

The reduced design electricity demand that was used as input in PV sizing represents the passive
measures in this preliminary study. This work does not account for detailed thermal modelling of the
building envelope, embodied emissions of the construction materials, and full life cycle carbon
accounting. The PV capacity required to meet the demand on the design day is computed as the first
step of the method and the effective sunshine duration is obtained from the local weather conditions.
It then details the PV array, direct-current (DC) converter, DC bus, single-phase inverter, and LCL
filter. Finally, a hybrid maximum-power-point-tracking (MPPT) method and capacitor-current-
feedback (CCF) active damping for the grid interface are proposed. The annual electricity balance is
not considered a full low-carbon certification and thus the final design must be checked against
measured or simulated annual loads and irradiation data.

Figure 1 shows the proposed grid-connected residential PV architecture. The PV array supplies a
DC-DC boost converter, which raises and regulates the array voltage at the 400 V DC bus. A single-
phase DC-AC inverter converts this DC power to AC power. The LCL filter suppresses high-
frequency switching harmonics before the inverter output is connected to the utility grid and
household loads through a bidirectional meter. The bidirectional meter records grid imports and
exports, which are required for subsequent annual-energy-balance validation [7-9].

Consistent with the research scope established in Section I, the case object is defined as a
detached residential dwelling in Shanghai. A residential building is selected because operational
residential-building decarbonization in China depends strongly on reducing end-use electricity
demand and increasing the contribution of building-integrated or building-applied renewable
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electricity [3]. Shanghai is selected because building-scale solar-energy assessment is particularly
relevant in dense urban regions, where rooftop area, surrounding obstruction, and seasonal solar-
radiation variation directly affect PV feasibility [4-6]. The dwelling is therefore modelled as a large
multigenerational residential design case with a floor area of approximately 150 m?. This floor area
is used as a case-study assumption rather than as a statistical average. The winter design demand is
taken as @ = 17.8 kWh/day, based on the assumed load inventory of air-conditioning, lighting,
refrigeration, cooking, and household appliances. The effective winter sunshine duration is set as
T = 3.8 h/day, which should be obtained from site-specific solar-irradiation data for Shanghai.
The system-loss coefficient K, = 1.8 is adopted as a conservative preliminary design factor to
include temperature loss, soiling, wiring loss, mismatch, inverter/converter loss, and operational
uncertainty [10]. Each PV module is specified as 0.42 kW, with V;,, = 32.6 V, I,,, = 13.14 A,
Voc = 3846V, and I, =14.09 A. Assuming a mono-crystalline module efficiency of
approximately 21%, each module requires an active area of about 2.00 m?, so the 24-module array
requires a total module area of approximately 48.0 m2. A practical rooftop area of approximately
5560 m? should be reserved to allow for mounting gaps, edge clearance, and maintenance access.
The converter design uses Udc =400 V, Pb = 10 kW, a 10 kHz boost switching frequency, and a 20
kHz inverter switching frequency. The grid interface is specified as 220 V RMS at 50 Hz, consistent
with China's low-voltage single-phase supply and nominal AC frequency requirements [11].

Photovoltaic (PV) Array
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Figure 1. Grid-connected residential PV system architecture
2.1. PV array sizing and configuration

The PV array is sized from the daily electrical energy requirement rather than from instantaneous
power alone. The minimum nominal PV capacity is calculated using the design-day demand Q, the
system-loss coefficient Ks, and the effective sunshine duration Tm

PPV,min = QTI:;S (1)

where () is the estimated winter daily electricity demand, Ks represents aggregate losses due to

factors such as temperature, soiling, wiring, converter losses, and operational uncertainty, and Tm is
the average effective sunshine duration in winter. The required number of PV modules is therefore

Nmin — ’VP%;W”—‘ (2)
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Because the calculated value is 20.07 before rounding, a 20-module array would be marginally
below the stated 8.43 kW requirement. To preserve an equal number of modules in every series
string and to provide an engineering margin compatible with the 10 kW power stage, this revised
design selects 24 modules. The resulting nominal installed capacity is 24 x 0.42 = 10.08 kWp.

The selected 24 modules are arranged as four modules in series per string and six strings in
parallel. This configuration gives Vpy mp = 4Vimp = 130.4 V and Ipymp = 6Imp = 78.84 A, which
provide the input condition for the boost-converter design. The corresponding open-circuit voltage
and short-circuit current are Vpy o = 153.84 V and Ipy s = 84.54 A, respectively.

2.2. DC-DC boost converter

The boost converter used to raise the PV-array voltage to the DC-bus voltage while allowing the
controller to regulate the operating point of the PV array. For an ideal boost converter operating in
continuous-conduction mode, the voltage and current relationships are

U _ _1

U, 1D’ 3)
IC_
& =1-D, 4)

where Up, and I, are the PV-side voltage and current, Ug. and I4. are the DC-bus voltage and
current, and D is the switch duty ratio. The PV-side effective load resistance is consequently

Rin=7 =Rp(1-D)’, Rp=3%. 5)

Equation (5) is important for MPPT: changing D changes the effective resistance seen by the PV
array and therefore moves its electrical operating point. It should not be interpreted as a fixed
physical internal resistance of the PV cells (see Figure 2).

s T, N , o
;}'”' Lh F,n' Jru‘l(' +

L/':m' Sh J Gft' — brﬂ't'

O - Q_

Figure 2. Boost-converter topology

At the array maximum-power-point voltage of 130.4 V and the 400 V DC-bus voltage, the ideal
duty ratio is D = 1 — 130.4/400 = 0.674. If the peak-to-peak inductor-current ripple is limited to
n = 18% of the average PV-side current, the minimum inductance is

_ D(1-D)’UZ
Lb _ nPsfv . (6)
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In Equation (6), Lb is the boost inductance, Pb is the rated converter power, and fb is the boost
switching frequency. A value of 0.70 mH is selected to provide margin. At 10 kW, the average PV-
side current is Pb/Upv = 76.7 A. With 18% peak-to-peak ripple, the approximate peak switch current
is 83.6 A. An 800 V, 120 A IGBT and an 800 V, 120 A diode therefore provide appropriate nominal
voltage and current margin for this preliminary design.

2.3. DC-bus capacitor and single-phase inverter

The DC-bus capacitor limits the low-frequency voltage ripple caused by the single-phase power
transfer. With a permissible ripple coefficient A = 6% , the required capacitance is

P
Cac = gp07 (7)

where, Cy. is the DC-bus capacitance and f, = 50 Hz is the grid frequency. A rated capacitance
of at least 6.0 mF should therefore be selected; the previously stated 4.5 mF value does not provide
the intended margin under the stated 10 kW design condition.

The inverter is a single-phase full bridge using sinusoidal pulse-width modulation (SPWM), as
shown in Figure 3. It operates at fsw = 20 kHz and provides a 220 V RMS, 50 Hz AC output for grid
connection. For a 10 kW output, the RMS grid current and the corresponding sinusoidal peak
current are

Iac,rms = %7 Iac,pk = \/EIac,rms (8)

The maximum blocking voltage of each inverter IGBT is approximately the 400 V DC-bus
voltage. IGBTs rated at 800 V and 80 A are therefore selected as a preliminary choice, subject to

final thermal and switching-loss verification (see Figure 3).
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Figure 3. DC-AC inverter
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2.4. LCL filter design

An LCL filter is used at the inverter output because it provides stronger high-frequency attenuation
than an L filter while using relatively modest inductance. Figure 4 defines the inverter-side inductor
L1, grid-side inductor L2, filter capacitor C , inverter-side current iac, capacitor current ic, and grid
voltage ug.
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Figure 4. LCL filter connected between the inverter and utility grid

The minimum inverter-side inductance is estimated from the allowable switching-current ripple

Udc _
L, > 4f5depm , I, = 0.201 5 p- 9)

In Equation (9), Ipm is the permissible harmonic-current peak, selected as 20% of the rated
current peak. The filter-capacitor reactive power is limited to 5% of the rated power, giving

Cmam - 2071_(;?51;2 . (10)

A practical preliminary selection is L; = 0.50 mH, L, = 0.30 mH, and C = 16. 0 uF. This gives
Ly/L; = 0.60, maintains the fundamental-frequency voltage drop below 10% of Uy, and keeps
capacitor reactive power below the 5% limit. The resonant frequency is

_ 1 | Li+L
f"' — o ].'/1]_'/262V (11)

which lies above the 50 Hz grid frequency and below half of the 20 kHz switching frequency.
Under ideal component assumptions, the LCL-filter transfer function is

_ I(s) 1
GLCL (S) = UZC(S) T L1L2Cs*+(L1+La)s (12)

3. Control-system strategy design
3.1. Hybrid constant-voltage and perturb-and-observe MPPT

The PV array has a nonlinear current-voltage characteristic and a corresponding power-voltage
curve. Under uniform irradiance, the power-voltage curve has one maximum-power point.
Irradiance and cell temperature shift this point because they change the PV current-voltage
characteristic. The boost converter can respond by changing the duty ratio D , which changes the
effective input resistance in Equation (5) and moves the PV operating point. Under partial shading,
multiple local maxima may occur; therefore, the present constant-voltage plus perturb-and-observe
method assumes shading is limited or that a separate global-MPPT method is added [11].

Figure 5 combines the two stages of the MPPT strategy. During startup, the controller estimates
the open-circuit voltage Uoc and sets a reference voltage Uref = 0.78 U, . This constant-voltage
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stage provides a rapid approach to the expected maximum-power region. Once |Upv-Uref] is below a
specified threshold €, the controller switches to perturb-and-observe tracking. At sampling instant
k, it calculates P(k) = Upv(k)Ipv(k) and uses the signs of AP=P(k)-P(k-1) and AU=U(k) - U(k - 1) to
continue or reverse the voltage perturbation. A small perturbation step improves steady-state
accuracy but slows response to rapid environmental changes.

Constant-voltage initialization

Perturb-and-observe fine tracking

Measure Up, (k) and I,,(k);

compute P(k) = Up, (kMpu (k) | b
Measure U, and set - l
Uper = 0.78U,c H Calculate AP = P(k) - P(k - 1)
I : and AU = Up (k) - Upy(k - 1)
Regulate duty ratio D so that - l §
Up, approaches Uyer ! Update Uper: <

i AP > 0: continue in the direction of AU;
AP < 0: reverse the direction

1

Apply new Ups and repeat >

Yes: switch

No: continue CV control

Figure 5. Hybrid MPPT algorithm combining constant-voltage initialization and perturb-and-
observe fine tracking

3.2. LCL resonance suppression by capacitor-current feedback

The LCL filter can introduce a resonant peak that reduces grid-current stability if it is not damped
[9, 12]. Figure 6 shows capacitor-current-feedback active damping. In the model, A (s) is the
current-controller input, apwas is the inverter modulation gain, I (s) is the grid current, and I, (s)
is the capacitor current. For the idealized third-order model, the closed-loop transfer relation is

I(s) aapPwy (13)
A(S) - LngCs3+aapWMLng2+(L1+L2)s'

Up(s) |
U.E,’(S) 1

a [ Apwm

Als)

F 3

Up(s) C

Figure 6. Capacitor-current-feedback active damping for LCL resonance suppression

Resonance suppression is required because the LCL filter introduces a third-order resonance peak
between the grid frequency and the inverter switching frequency. If this peak is not damped, small
disturbances, sampling delay, or grid-impedance variation may amplify the grid current and reduce
system stability. Capacitor-current-feedback active damping is used because it emulates a damping
effect without adding a physical resistor, thereby avoiding additional power loss. By feeding back
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the filter-capacitor current to the inverter control loop, the resonance peak can be attenuated while
maintaining the high-frequency harmonic attenuation advantage of the LCL filter [13, 14].
The damping ratio can be expressed as:

aa L,C
(= 2"\ Tty (14)

For a nominal damping ratio of { =1/ V2 = 0.707, apya = 400, and the LCL values selected
above, the capacitor-current proportional coefficient is a ~ 0.041. This is a model-based initial
setting; the final value must be confirmed through simulation and hardware tests because parasitic

resistances, sampling delay, and grid-impedance variation affect the actual damping response [13,
14].

4. Simulation verification
4.1. MPPT response under irradiance step change

Based on the design of the main circuit and control strategy, a simulation model of the complete
photovoltaic power generation system was built in Simulink. During the simulation, the irradiance
was set to 1200 W/m?, the ambient temperature was set to 25°C, and the household appliances
were represented by an 8 €2 resistor with a power of zz kW. In addition, to analyse the influence of
irradiance variation on the power generation system, the irradiance of the photovoltaic array module
was set to decrease from 1200 W/m?2 to 600 W/m? att = 0.8 s .

Powsrn/k\\

—— PV Maximum Oufput Power
— PV Qutput Power

Timels

Figure 7. PV output power response under an irradiance step change

Figure 7 shows the output power curve of the photovoltaic array. It can be observed that, during
system start-up, the output power of the photovoltaic array is initially low. However, under the
constant-voltage plus perturb-and-observe control strategy, the output power rises rapidly and
reaches the maximum power point. At t = 0.8 s, when the irradiance decreases from 1200 W /m?

to 600 W/m?, the system is still able to rapidly track the corresponding new maximum power
point. This verifies the effectiveness of the MPPT control strategy adopted in this design.

4.2. LCL resonance suppression result

Figure 8 shows the magnitude-frequency characteristic curves of the modified LCL filter and the
original LCL filter. It can be observed that, through capacitor-current-feedback damping, the
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resonance peak is significantly suppressed, indicating an effective resonance-suppression
performance.

80 r - —— - = ——————
Resonant Frequency: 2906 Hz
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Figure 8. Magnitude-frequency response comparison of the original LCL filter and the modified
LCL filter with capacitor-current-feedback damping

4.3. Grid-current harmonic analysis

Figure 9 shows the harmonic analysis result of the grid-connected output current of the photovoltaic
system. It can be seen from the figure that the total harmonic distortion (THD) of the current is
2.45% , which is lower than the 5.00% limit required by the national standard. Therefore, the power
quality satisfies the grid-connection requirements for photovoltaic systems.
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Figure 9. Harmonic spectrum of the grid-connected output current
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5. Annual-energy-balance evaluation

The electrical design above specifies the PV and power-conversion system but does not, by itself,
prove annual energy balance. The annual operational balance should be evaluated using

Bann - EPV,ann - Eload,ann, (15)

where Epy an, 1s the annual PV generation and Ejgaqann 18 the annual building electricity

consumption after passive energy-efficiency measures. A non-negative B,n, indicates annual
operational electricity balance under the assumed grid-export arrangement.

The simulation results verify the proposed control and filtering strategies. Under an irradiance
step from 1200 W/m? to 600 W/m? at t = 0.8 s, the hybrid MPPT controller rapidly tracks the
new maximum-power point. The frequency-domain simulation shows that capacitor-current-
feedback damping suppresses the LCL-filter resonance peak, and the grid-current THD is 2.45%,
below the 5.00% design limit.

6. Conclusion

This paper proposes a design for a grid-connected photovoltaic system for a multi-story detached
residence in the Shanghai area. Simulation results indicate that the proposed system demonstrates
preliminary feasibility in terms of photovoltaic energy harvesting, grid interface filtering, and
harmonic suppression. Following research will utilize actual household electricity consumption data
to verify the system's effectiveness in energy conservation and emissions reduction. Based on
measured or simulated data for building loads and solar irradiance over the 12 months of the year,
the annual power balance is further verified using the equation B_ann = E PV,ann — E load,ann, to
confirm the system's carbon reduction potential under real-world operating conditions.
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