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 
Abstract— This paper proposes a novel, cost effective 

grid-connected inverter for a domestic micro combined 
heat and power (micro-CHP) system. A high frequency 
(~12,000 rpm), high voltage (~425 Vdc) brushless DC 
(BLDC) machine is used as the generator. The output of the 
generator is injected into the grid through a novel 
grid-connected inverter, utilizing a digital algorithm for the 
implementation of a constant frequency hysteresis current 
control. This allows a simplified output filter with smaller 
components to be employed. A grid synchronization 
method has also been designed, based on a low-pass filter 
and a micro-controller to optimize/tune the output power 
factor. The proposed method is successfully applied to a 
500 W, 230 V, 50 Hz grid-connected voltage source inverter 
(VSI) prototype, where the output of the VSI has been 
demonstrated to comply with the operating regulations of 
the domestic distributed power generation systems.  
 

Index Terms— Grid-connected voltage source inverter 
(VSI), hysteresis current control (HCC), constant frequency 
control, distributed power generation, combined heat and 
power 
 

I. INTRODUCTION 

ICRO combined heat and power (micro-CHP) is defined 
as an energy conversion unit with an electrical capacity 

below 15 kW that simultaneously generates heat and power [1]. 
Micro-CHP is a distributed power generation (DPG) 
technology, which can reduce greenhouse gas emissions from 
energy supply, increase decentralization of energy supply, 
improve energy security, avoid investment in and energy losses 
from electricity transmission and distribution networks, and 
potentially reduce energy cost to consumers [2], [3].  

The overall efficiency of a micro-CHP system is normally 
around 90 % [4], [5] or higher by utilizing wasted heat [6], [7]. 
Since the heat and electrical power demands in domestic 
buildings are closely correlated to each other [8], micro-CHP 
has been developed as an energy-efficient technology that 
simultaneously provides heat and electricity to households [1], 
which can potentially increase the overall efficiency of primary 
energy consumption for over 20 % of the total [1], [6].  
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Fuel cell (FC) micro-CHP [9] and electrical machine (EM) 
micro-CHP [10] are two main streams of micro-CHP 
technologies. FC micro-CHPs utilize a DC-DC converter 
cascaded with a DC-AC inverter, whereas EM micro-CHPs 
need an AC-DC converter cascaded with a DC-AC inverter. 

A number of inverters have been developed for single phase 
FC and solar applications, including single phase full bridge 
inverters, single bus inverters with two paralleled half bridges, 
dual bus inverters with two split half bridges, Z source inverters, 
and LLCC resonant inverters [11],[12]. Among all the available 
technologies, the single phase full bridge inverter has a 
significant advantage in cost effectiveness due to the reduced 
component count, simple design and control [13]. 

The technological strategies for EM micro-CHPs are still 
emergent, and the state-of-the-art focuses on the system 
architecture, thermal analysis and prime mover optimization 
[14], [15] with relatively few papers discussing the inverters 
[10]. This paper contributes to this latter area by describing the 
development of a novel turbine driven micro-CHP, considering 
both the power electronics and thermo-dynamic characteristics 
interdependently. Transferable techniques from other 
small-scale distributed power generation systems, e.g. 
photovoltaic  and wind turbine, have been taken into 
consideration [16], [17] where the most cost effective 
hysteresis current control (HCC) [18] method is selected and 
further developed for this specific application. The novelty of 
this paper includes i) a cost effective digital constant frequency 
HCC control algorithm with the minimized component count, 
ii) a customized grid synchronization unit with the ability to 
optimize/tune the output power factor, and, iii) a self-consistent 
system architecture where the mechanical and electrical 
characteristics are compatible with each other, wherein power 
transfer from the generator has been optimized through the use 
of series coupling capacitors to correct the high frequency 
power factor .  

The cost of domestic micro-CHPs is expected to be around 
$4,000 to $5000 by 2020 [4]. This price is estimated as the 
marginal price to make this product commercially competitive 
compared with conventional boilers. However, the real prices 
of domestic micro-CHPs are currently far more expensive; 
typically $9,500 to $27,000 [19]. Hence the market penetration 
is currently very small, and there are only ~1,110 CHP schemes 
in operation in the UK in commercial, public administration, 
residential, transport and agricultural sectors combined [20].   

Therefore, our research is concerned with the design of a low 
cost, robust and long lifetime micro-CHP, for which the total 
price can be within $4,500 by 2020. The proposed micro-CHP 
system is expected to produce around 9.5 kW of domestic 
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heating, and 800 W of mechanical power which is converted 
into 500 W of electrical power fed into the grid. The input heat 
flow of the micro-CHP is 10.3 kW, steam flow rate is 3.9g/s, 
and the basic steam rate is 17.58 kg/kWh. The turbine is a 
single stage steam turbine with 20 cm diameter, for which the 
efficiency is around 30%; the designed Rankine cycle is shown 
in Fig. 1.  

We propose to achieve the new micro-CHP by incorporating 
a Rankine steam cycle and power electronics into an existing 
boiler package to minimize development costs. Currently, 
boiler prices in the UK normally range from $800 to $2,600 
[21], which is below half the target $4,500 price of micro-CHP 
by 2020. This means that the additional cost of the proposed 
power electronics and steam cycle components shall be within 
$2,000 to ensure the final price of the proposed micro-CHP 
falls within the right range. 

 
Fig. 1  The Rankine cycle of the micro-CHP 

In our design, the one-off price of the power electronics is ~ 
$300 ( including generator ~ $50, power electronic components 
~ $135, and PCB board ~ $130).  

The high pressure evaporator is proposed as a 5-layer tube 
structure with optimized design for safety purposes, where the 
total material cost is less than $200. The single-stage steam 
turbine with low pressure housing can be simply manufactured 
by a stamping process in stainless steel, which would not cost 
more than $200 in volume. The water pump operates at a 
similar flow rate and pressure to the fuel pump in an oil-fired 
boiler and would cost less than $50 in volume, based on a single 
unit costing ~$75 [22]. The low pressure condenser of the 
micro-CHP can use similar techniques to those in a 
conventional boiler to achieve a relatively low additional cost. 
 Therefore, the total additional one-off cost of the proposed 
micro-CHP power electronics and steam cycle components is 
less than $800, which indicates that a volume cost including 
fabrication and assembly of the overall micro-CHP looks viable 
within a budget of $4,500 by 2020. 

Assuming the proposed micro-CHP operates 8 hours per day 
and 365 days per year, the total saving of the proposed 
micro-CHP is ~$400 per year if the feed-in tariff is applicable 
[23], or ~$135 if not. 

This paper describes the power electronics design of the cost 
effective micro-CHP, which comprises: a 7-pole-pair brushless 
DC machine (based on a commercial BLDC motor used in RC 

models) which has been optimized to convert mechanical 
power from a ~12,000 rpm turbine into DC link electrical 
power; a novel single phase grid-connected inverter which has 
been designed using an innovative hysteresis current control 
(HCC) technique to inject up to 500 W into the UK mains grid; 
a grid synchronization module based on a low-pass filter and a 
variable micro-controller delay, which can achieve reliable 
phase alignment and power factor control. 

II. PRINCIPLES OF OPERATION 

A. Structure of the system 

A two stage power conditioning circuit composed of an 
AC-DC converter and a DC-AC grid-connected inverter is used 
in this project, as shown in Fig. 2. A simple Schottky diode 
rectifier is used as the AC-DC converter, whereas a hysteresis 
controlled MOSFET bridge is used as the DC-AC voltage 
source inverter (VSI). A power decoupling polymer film 

capacitor C݀ܿ is used as the energy buffer to maintain the DC 
link voltage and reduce the voltage ripples produced by the 
diode rectifier. An LCL filter is used to produce a sinusoidal 
current from the hysteresis controlled output of the VSI.  

The rotational speed of the generator will be maintained at a 

constant value by setting the average value of U݀ܿ as a feedback 
controlled constant, and the output current to the grid is varied 
according to the power available from the generator.  

 

Fig. 2. Structure of the system 

B. AC-DC converter 

A commercial Kv = 400 rpm/V brushless DC motor [24] has 
been rewound as a 25 rpm/V high voltage generator, which 
converts mechanical power from a ~12,000 rpm turbine into 
electrical power. Three3 μF  polymer capacitors are used to 
cancel the inductive reactance of the generator windings at the 
rated frequency of about 1,400 Hz – this improves the 
efficiency of the power tranfer. Six Schottky diodes constitute a 
bridge rectifier which converts the 3-phase AC into the DC link 
voltage. A 40 μF film capacitor is used as the DC link power 
decoupling energy buffer. 

C. DC-AC grid-connected inverter 

The DC-AC grid-connected inverter is designed as shown in 

Fig. 3. The input DC voltage U݀ܿ comes from the output of the 
AC-DC converter. The MOSFET bridge is controlled by the 
output signals of the constant frequency HCC, which are used 
to produce the target 50 Hz sine wave current with the LCL 

filter, where L݅ = 2 mH, L݃ = 2 mH, C݂ = 1.5 μF, and  ܴ݀ =
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5.1 Ω . The input current of the LCL filter ݅݅ is measured by a 
fluxgate closed-loop current transducer, the output of the 
current transducer is used as an input signal for the constant 
frequency HCC system.  The performance of the fluxgate 
sensor is superior to Hall effect devices, showing an improved 
zero offset and response speed - both of which are important in 
this application. 

Since high current, high inductance inductors are needed for 
the LCL filter, conventional ferrite inductors are not 
appropriate, as this material could not withstand 3 A at around  
2 mH without losing the high permeability within a small toroid 
package, and the inductor losses would be remarkably high 
under these circumstances. Therefore, an alternative 'iron 
powder' material was used in the core of the inductors, which 
has better performance under high current and high inductance 
situations and is relatively low cost - although it has a poorer 
high frequency response.  
 

 
Fig. 3. DC-AC converter 

D. Grid synchronization unit 

The grid synchronization unit is shown in Fig. 4. Where the 

grid voltage ܸ݀݅ݎܩ is monitored by the difference amplifier, and 
filtered by a Butterworth low-pass filter. Then the filtered grid 

voltage ܸ݀݁ݎ݁ݐ݈݅ܨ_݀݅ݎܩ is compared with ground (0 V) to generate 

a square wave ܸܵ݁ݎܽݑݍ , which inherits the phase shift of  

 is then compensated by ݁ݎܽݑݍܸܵ The phase shift of .݀݁ݎ݁ݐ݈݅ܨ_݀݅ݎܩܸ

a micro-controller delay, and another square wave ܸܶ݃݅ݎ  is 
generated, which is used to trigger another micro controller to 
generate the reference signal ௥ܸ for the output current ݅௜. 
 

 
Fig. 4. Grid synchronization unit 

E. Hysteresis current control 

The output current of this system is based on a novel digital 
constant frequency hysteresis current control scheme, as shown 
in Fig. 5.  This allows a high current control bandwidth to be 
achieved whilst using a low cost PIC micro-controller IC. 

Where Uୢୡ is the DC voltage of the power supply, ௜ܸ is the 
output voltage of the current transducer in Fig. 3,  V୰  is the 
reference voltage, V୦ is the hysteresis band.  

The inverter will produce a positive output voltage when the 
current error reaches the lower hysteresis limit. On the other 
hand, a negative output voltage is produced when the current 
error reaches the upper hysteresis limit. 

 
Fig. 5. Function diagram of hysteresis current control 

In order to achieve a constant switching frequency, the 
hysteresis band should obey the following equation [25]:  

ܸℎ =
݇

݅ܮ4݂ܵ

ܷ݀ܿ(1 − ݉2 ∙  (1)          (ߠ2݊݅ݏ

Where k = ௜ܸ/i୧ is the current to voltage ratio of the current 
transducer, fୗ is the switching frequency, L୧ is the inverter side 
inductor in Fig. 3,  m = max(U௚௥௜ௗ)/Uୢୡ  is the modulation 
index, θ is the phase of the grid voltage. 

Assuming a symmetrical bipolar hysteresis comparator is 
used to produce the control signal, as shown in Fig. 6. 

 
Fig. 6. Symmetrical bipolar hysteresis comparator 

The hysteresis band can be expressed as [26]: 

V୦ =
(V୓ୌ − V୓୐)Rଵ

Rଶ
          (2) 

Where ைܸு is the high output voltage of the comparator, and 

  .as the low output voltage of the comparator ܮܱܸ
Substituting (2) into (1): 

ܴଵ =
ܴ݇ଶ

4 ௌ݂ܮ( ௢ܸு − ௢ܸ௅)
ܷௗ௖(1 − ݉ଶ ∙  (3)         (ߠଶ݊݅ݏ

Where ݇ , Rଶ ,  fୗ ,  L , (V୭ୌ − V୭୐)  are constants for the 
proposed constant frequency HCC, so Rଵ can be expressed as: 
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Rଵ = C୦Uୢୡ(1 − mଶ ∙ sinଶθ)         (4) 

Where C୦ is a constant: 

C୦ =  
kRଶ

4fୗL(V୭ୌ − V୭୐)
          (5) 

Therefore, a pair of programmable digital potentiometers is 
used to achieve this constant frequency HCC by achieving a 
variable Rଵ as expressed in (4), as shown in Fig. 7. 

 

Fig. 7. Hysteresis current control 

Where the PIC18F4520 generates the reference signal ௥ܸ  and 
the control signal of the potentiometers at the same time; these 
two signals are in-phase and synchronized with the grid by the 
trigger signal ௧ܸ௥௜௚ from a grid synchronization unit in Fig. 4. 
The reference signal ௥ܸ  is sampled from a R-2R DAC, which 
converts the 8-bit parallel output of the micro-controller into an 
analogue sinusoidal wave. Since the equivalent resistance of 
the R (1 kΩ) - 2R (2 kΩ) DAC is  1kΩ, a 1 kΩ resistor is added 
between the current transducer and the 50 kΩ potentiometer to 
match the impedance of  ௜ܸ and ௥ܸ . Then the two input signals 

௜ܸ  and ௥ܸ  pass through the 50 kΩ variable resistors, and 
compared by the comparator to generate the gate control 
signals: ொܸଵ, ொܸଶ, ொܸଷ, ொܸସ. 

III. POWER MANAGEMENT 

During one grid period, the input power from the generator is 
relatively constant but the output power to the grid is 
sinusoidal, so power decoupling between the input and output 
is necessary in the electrical power generation system. 
Normally, the power decoupling is achieved by a buffer 
capacitor in the grid-connected inverter, for which a polymer 
film capacitor is preferable compared with an electrolytic 
capacitor, as the latter is the main limiting factor in the lifetime 
of a grid-connected inverter [17].  A high voltage DC link is 
normally necessary in order to substitute the electrolytic 
capacitor with a polymer film capacitor; which normally has 
higher rated voltage but lower capacitance. Since there is a high 
voltage DC link after the diode rectifier in this application, it 
lends itself to the use of a polymer film capacitor in the DC link 
- to both reduce the link voltage ripple and decouple the input 
and output powers. 

Ideally the input power from the generator, which is 
provided by the steam turbine, is maintained at a steady value, 
and the output power of the generator is converted into an 
alternating current and injected at unity power factor to the grid 
voltage supply. Therefore, the instantaneous power injection is 
[27]: 

(ݐ)݃ܲ = ܷෞ݃ sin(߱ݐ) ∙ ෝ݃ܫ sin(߱ݐ)

=
ܷෞ݃ܫෝ݃

2
(1 − cos(2߱ݐ))        (6) 

Where ܷෞ݃ and ܫෝ݃  are the peak values of the grid voltage and 
current, and ߱  is the grid voltage frequency in radians per 
second. 

Since the input power is constant and the output power is 
fluctuating, there exists an energy fluctuation in the energy 
storage components of the electrical power generation system 

(EPGS). In a lossless EPGS, the input power ܲ݅݊ =
ܷෞ݃ܫෝ݃

2
. 

Therefore, the power mismatch is ( ܷෞ݃ܫෝ݃ 2⁄ )cos (2ωt) . 
Integrating with respect to time yields the energy fluctuation in 
the EPGS [27]: 

ܧ∆ = − න ௚ܷ෢ܫ௚෡

2
cos(2ωt) dt = − ௚ܷ෢ܫ௚෡

4߱
sin(2߱ݐ)         (7) 

Therefore, the maximum energy fluctuation in a 500 W 
system is: 

௠௔௫ܧ∆ = ௚ܷ෢ܫ௚෡

4߱
= ௜ܲ௡

2߱
=

500
2 ൈ ߨ2 ൈ 50

≅ 0.796 J          (8) 

The decoupling capacitor in the high voltage DC link is used 
to store the energy [17],[27], which will result in voltage 
fluctuations in the DC link due to the energy fluctuation. 
Assuming the average voltage of the DC link capacitor is 

݁݃ܽݎ݁ݒܽ,ܷܿ݀ , and the maximum voltage is ܷ݀ܿ,݉ܽݔ , then the 
maximum energy buffered in the capacitor is: 

௖ܧ∆ =
1
2

ௗ௖൫ܷௗ௖,௠௔௫ܥ
ଶ − ܷௗ௖,௔௩௘௥௔௚௘

ଶ ൯         (9) 

Neglecting the energy storages in other components which 
are much smaller, the DC link capacitance can then be 
calculated as: 

ௗ௖ܥ = ௜ܲ௡

߱൫ܷௗ௖,௠௔
ଶ − ܷௗ௖,௔௩௘௥௔௚௘

ଶ ൯

=
1.592

൫ܷௗ௖,௠௔௫
ଶ − ܷௗ௖,௔௩௘௥௔௚௘

ଶ ൯
          (10) 

 

Assuming  ܷ݀ܿ,݉݅݊ = 425 V, and the breakdown voltage of 
the main components is 600V, we can select a 40 μF, 900 V 
film capacitor  which results in  ܷௗ௖,௠௔௫ = 574ܸ.  
Actually, the voltage fluctuation in a LTspice simulation was 
slightly smaller than the calculated value because some 
electrical energy has also been stored in other inductive and 
capacitive components, such as the winding inductance, LCL 
filter etc. 

IV. SIMULATION 

The proposed grid-connected inverter has been successfully 
simulated in LTspice. The LTspice simulation circuit diagram 
of the whole system, including the generator, AC-DC 
converter, and DC-AC inverter, is shown in Fig. 8. 

Vܣ , Vܤ , Vܥ  are used to simulate the induced emf of the 
generator, for which the amplitudes are set as 280 V at 1450 Hz 

according to the experimental measurements. Rܣ = Rܤ =
Rܥ = ߗ 6  are the measured winding resistances, and Lܣ =
Lܤ = ܥܮ = 4.1 mH  are the measured winding inductances. 
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The capacitors C1, C2 and  C3 are 3 μF film capacitors, which 
are used to cancel the inductive impedance of the generator 
windings at the rated frequency of about 1450 Hz. The diodes 
D1, D2, D3, D4, D5, D6 constitute a rectifier which convert 
the 3 phase generator AC into the DC link voltage. The 

capacitor C݀ܿ  is a 40 μF film capacitor, which is used as the 
power decoupling energy buffer. The MOSFET bridge is 
controlled by the output signals of the constant frequency HCC, 
which are used to produce the target 50 Hz sine wave current 
with the LCL filter, where L݅ = 2 mH , L݃ = 2 mH , C݂ =

1.5 μF, and  ܴ݀ =  The amplitude of the grid voltage is . ߗ 5.1
set as 325V (230 Vrms), and the frequency is 50 Hz. 

 

Fig. 8. Whole system circuit simulation diagram in LTspice 
The LTspice simulated results of the constant frequency 

HCC (Fig. 5) signals Vݎ and  V݅ are shown in Fig. 9. 

 
Fig. 9. Constant frequency HCC control signals in LTspice 

The clean 50 Hz sine wave is the reference signal Vݎ, which 

corresponds to the reference current ݅ݎ; and the high frequency 
triangular wave with variable amplitude is the hysteresis signal 

V݅, which is correlated with the output current ݅݅ in the inductor 

L݅.  

It is clear that the hysteresis signal V݅  has a variable 
amplitude in order to achieve a constant switching frequency. 

Actually, the frequency of Vݎ is from  23.46 kHz (at the peak of 

Vݎ) to 25.16 kHz (at the mean of Vݎ), which means there is 
a ±1.75 % frequency variation. This small frequency variation 

may be caused by the variation of the DC link voltage U݀ܿ, or 

the impedance of L݃ and C݂. Fortunately, this small frequency 
variation does not cause any problems for the switches, LCL 
filter, or any other components in the power conditioning 
system. 

The injected current in shown in Fig. 10, which has a target 
amplitude of 3.07 A in the simulation, with a phase shift of 

around  0.171 ms, which represents around 3° from the grid 
voltage. The peak-to-peak current ripple is from 17.4 mA at the 
peak of the output current to 61.3 mA at the mean of the output 
current, which is from ~ 0.28 % to ~ 1.0 % of the output current. 
Therefore, a power factor of 0.97 is predicted with a maximum 
total current distortion within 1.0 %, which are within the 
design regulations for distributed power generation systems 
[28], [29]. 

 

Fig. 10. Injected grid current in LTspice 
The fast Fourier transform of the injected grid current in 

LTspice is shown in Fig. 11. The calculated frequency range is 
from 50 Hz to 6.55 MHz, where the reference attenuation is 
6.73 dB at 50 Hz.  

 

Fig. 11. Fast Fourier transform of the injected grid current in LTspice 
It can be seen that there are 2 peaks around the 50 Hz 

fundamental frequency, which are the 3rd (150 Hz) and 5th (250 
Hz) harmonics of the grid frequency, for which the amplitudes 
are -54 dBA and -72 dBA, respectively. There are around 5 
peaks around the switching frequency, where the three most 
significant are 25 kHz, 50 kHz, and 75 kHz, all of which have 
amplitudes below the specified limits. 

V. EXPERIMENTAL TESTS 

A photograph of the test rig is shown in Fig. 12, and the 
schematic diagram is shown in Fig. 13. 
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Fig. 12. Photograph of the test rig of the grid-connected inverter with 
generator 

 
Fig. 13. Test rig of the grid-connected inverter with generator 

The back-to-back test rig includes a pair of motors, where 
one of the motor emulates a turbine whilst the other works as a 
generator. The generator is connected to the grid-connected 
inverter through the bridge rectifier. The grid-connected 
inverter is connected to the grid through an isolating 
transformer and a Variac for test purposes - they are not 
necessary components in a final commercial product. The input 
mechanical power was measured by the torque load cell and the 
opto speed sensor, and the output electrical power is measured 
with the digital oscilloscope and calibrated voltage and current 
probes. 

The overall efficiency of the system (defined as the electrical 
output power fed to the grid divided by the turbine input 
mechanical power) is measured as ~ 65%, where the grid 
connected inverter is 80% ~ 85% and the generator 75% ~ 80%. 
The relative proportions of the total system losses are:      
Generator: 44%, LCL filter:  30%, MOSFETs: 22%, Misc. 4% - 
where the various components are operated at near their 
maximum rated currents,  in order to minimize overall cost. 

The efficiency of the inverter could be improved by using 
over-sized, lower-loss switching transistors, advanced gate 
drive technology and a larger filter inductor volume. It is also 
worth noting that in a CHP system of this type, power 
dissipation which can be thermally coupled to the water inlet 
(such as MOSFET losses via the heatsink) is not necessarily 
'wasted' but rather contributes to the thermal output - hence 
efficiency optimization has been secondary to cost 
minimization in this project. Furthermore, a specially designed 
(larger) generator could also have an improved efficiency 
compared to the mass-produced brushless DC motor currently 
selected, however, it too would cost more. 

The test results of the grid synchronization unit and the 
grid-connected inverter are described as follows: 

A. Grid Synchronization Unit Test 

The grid synchronization unit has two main functions: 
filtering the high frequency noise and harmonics; producing a 
trigger signal which is synchronized with the grid voltage.     

In terms of the filtering function, this Butterworth filter is not 
only able to attenuate the grid harmonics (as shown in Fig. 14), 
but also to substantially attenuate the switching noise at high 
frequency. In order to verify its capability, a sampled grid 

voltage ܸ݀݅ݎܩ with severe high frequency switching noise has 
been supplied to the Butterworth filter, and the output signal is 
clean and clear as shown in Fig. 15, and thus should allow 
reliable phase tracking. 

 
Fig. 14 Filtered Grid Voltage 

 
Fig. 15. Filtered Grid Voltage with Switching Noise  

In terms of the synchronization function, the measured phase 
delay of the Butterworth filter is -92.2° (5.12 ms), and the 

trigger signal ܸܶ݃݅ݎ is generated by adding around -88° (4.88 

ms) to the ܸܵ݁ݎܽݑݍ signal timing. Therefore, the trigger signal 

 has around -180° phase shift relative to the grid voltage ݃݅ݎܸܶ

  .݀݅ݎܩܸ
Since there is -180° phase shift between ܸ݀݅ݎܩ  and ܸܶ݃݅ݎ , 

another 180° phase shift is added in the calculation for the 

look-up table for the reference signal ܸݎ, in order to align ௥ܸ in 

phase with ܸ݀݅ݎܩ. The generated ܸݎ is shown in Fig. 16. 
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Fig. 16. Grid Voltage and Generated Reference Voltage 

We can see that there is little phase shift between the grid 

voltage ܸ݀݅ݎܩ and the reference signal ܸݎ. Also, since the phase 

shift of ܸݎ can actually be adjusted by any degree, the LCL 
filter induced power factor change can easily be compensated 
by this grid synchronization module. 

B. DC-AC Grid-Connected Inverter Test 

This DC-AC grid-connected inverter with the proposed 
constant frequency HCC has been successfully tested under the 
grid voltage of the UK (~ 230 Vrms) with the rated output 
current of around 3.06 A amplitude, as shown in Fig. 17. 

In order to identify the amplitude of the harmonics, an FFT 
analysis on the averaged current waveform of 3.06A amplitude 
is shown in Fig. 18. 

We can see that the 2nd, 3rd, 4th, 5th, 6th harmonics are -37 dB, 
-45 dB, -50 dB, -49 dB, -51 dB relative to the fundamental 50 
Hz value, which represent 1.45 %, 0.55 %, 0.31 %, 0.29 % and 
0.35 % distortion respectively.  

Therefore, the total harmonic distortion (THD) at 3.06 A 
amplitude can be calculated as: 

ܦܪܶ =
ට ଶܸ

ଶ + ଷܸ
ଶ + ସܸ

ଶ + ହܸ
ଶ + 6ܸ

ଶ

ଵܸ

= ඥ(1.45%)ଶ + (0.55%)ଶ + (0.31%)ଶ + (0.29%)ଶ + (0.35%)ଶ

≅ 1.65% 
 The total harmonic fulfils the standards IEEE 1547 and EN 
50160 [28], [29]. This means that the quality of the injected 
current is acceptable when the system is working at the rated 
output current condition. 

Additionally, an FFT analysis on the averaged current 
waveform of 1A amplitude has also been conducted; with 
similar findings. 

Comparing these results with the values given in 
EN61000-3-2 for a Class A system, normalized according to 
GR83/2 for a 500 W inverter, the even and odd harmonics are 
around 20 % and 5 % respectively of the prescribed limits.  

The DC injection was measured at < 8 mA; below the < 2 kW 
inverter limit of 20 mA, and the power factor was > 0.97. 
GR83/2 and EN50438 standards also require the provision of   
± 0.1 Hz (± 0.2 %)  frequency and ± 1.5 % voltage monitoring 
resolution in grid protection functions, including islanding, if 
the grid supply should fail or drift out of specification. 

 
Fig. 17. Output Test of Grid-Connected Inverter  

 

Fig. 18. FFT of the output current with 3.06 A amplitude 
Whilst these have not all been fully implemented in our 

experimental system, there should be confidence that such 
functionality can be achieved within the architecture proposed. 
The PIC microcontroller has a 10-bit ADC, which when scaled 
to provide a peak range of 1.2 × the peak-to-peak grid voltage, 
gives a suitable resolution of 0.33 % (the circuit architecture 
provides scaled signal voltages for both line voltage and 
current, which can be fed to the PIC). The 10 MIPS processor 
core can provide software timing with 5 s increments on the 
20 ms grid synchronization square wave signal, achieving 
0.025 % resolution.  For illustration, the current injection 
control loop which handles the sine-wave synthesis and setting 
the comparator hysteresis dynamically in 1.5 º increments 
requires approximately 1 MIPS (i.e. 10 % of the PIC 
capability), thus substantial spare processor capability exists to 
handle the other functions.  Alternatively, a 70 MIPS, 16-bit 
PIC 24EP128GP device could be used; costing < $ 2 each. 

VI. CONCLUSION 

This paper proposes a reliable, low cost and long life-time 
mains power generation system which can be implemented 
within domestic boilers to construct a (micro-CHP) system. 
This micro-CHP system is expected to produce around 10 kW 
of domestic heating output and 300 - 500 W of electrical power 
fed into the grid. The total one-off price for the electrical 
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components in this power generation section is ~$300 in the 
UK, which would fall considerably if mass produced in the Far 
East for example. When implemented in a domestic boiler with 
a low cost, single-stage steam cycle turbine, this system has the 
potential to reduce the cost of a commercial micro-CHP to a 
target price of < $4500 by 2020. 

In terms of the power electronics design, the basic HCC 
method has been modified to include two additional digital 
potentiometers, varied by a micro-controller, to restrain the 
switching frequency of the inverter over a narrow bandwidth, 
and grid synchronization is based on a low-pass filter and a 
variable micro-controller delay to achieve reliable phase 
alignment and power factor control, even in the presence of grid 
harmonic distortion. These two features have been 
demonstrated to operate effectively in the grid-connected 
inverter, which has the advantages of simplicity and low costs 
compared with the conventional methods; typically a 
feed-forward method with a phase-locked loop [25]. Also, the 
output of the grid-connected inverter has been demonstrated to 
comply with the operating standards IEEE 1547 and EN 50160 
[28], [29].  
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