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Abstract—In this paper is designed and implemented a solar 

and wind turbine hybrid power generation system. That can be 

divided into the following parts, the wind turbine utilizes a 

three-phase switch-mode rectifier (SMR) while the solar power 

employs a DC/DC boost power converter together to improve 

the input power factor and minimize the input current 

harmonics distortion. This hybrid power generation system 

working with the perturb-and-observe algorithm Maximum 

Power Point Tracking (MPPT) strategy is capable of achieving 

robust optimum power output in working condition. Besides, to 

balance the DC bus and stabilize the output power, the battery 

system is adopted and incorporated in the hybrid system. The 

battery system uses a buck/boost dc chopper as the charge and 

discharge circuit. In the output stage, a single-phase full-bridge 

inverter employs the sinusoidal pulse width modulation (SPWM) 

strategy to generate a single-phase 60 Hz AC source to the load. 

The hybrid generation system is realized by using a digital 

signal processor (DSP) as a centralized controller to all the 

switching unit, and to verify the validity of the proposed 

architecture by recording the day-based power variation of the 

hybrid power system. 

 
Index Terms—Solar, wind turbine, maximum power point 

tracking, switch-mode rectifier, DSP.  

 

I. INTRODUCTION 

With the increasing risk of climate changes to our living 

environment and possibility of crude oil depletion sooner 

than expected since the start of industrial revolution, 

countries around the world are demanding renewable energy 

as alternative to the fossil energy which is not enduring but 

also polluting the world’s environment. In order to utilize the 

alternative energy sources, like solar, wind and tidal wave 

and others, efforts have been made to harness these power 

sources as renewable energy. Due to the current technology 

advances, it is becoming more feasible to utilize these 

renewable energy in a more efficient way to reduce our 

dependence on fossil oil as the major energy source to reverse 

the ever-increasing trend of deterioration of world 

environment. 

For most of the countries, which relying on import of fossil 

oil, are desperate in need to harness the possible solar, wind 

and other natural energy sources as alternative energy. 

Especially for those areas with both excellent windy coastal 

lines and adequate sunshine and long sunshine duration, 

Combination of solar and wind turbine hybrid power 

generation system is a promising solution for these area. 
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Storage device like battery cells subsystem is used 

compensated the intermittency of solar and wind. For the 

hybrid system will not be limited by only one climate 

condition and has the advantage of harness both the solar and 

wind energy if properly controlled. Therefore, the hybrid 

power generation system accompanying the battery storage 

subsystem not only is capable of generating stable power to 

the power grids but also increasing the solar/wind power 

usage efficiency. 

Due to the reasons mentioned above, in this paper, a solar 

and wind turbine hybrid power generation system is 

presented. The hybrid system, composed of solar and wind 

turbine generator together with a DC bus stabilizing battery 

storage system, is able to output a stable and enduring single 

phase AC power through the full-bridge inverter [1]-[5]. 

 

 
(a) System block diagram. 

 

 
(b) Circuit architecture. 

Fig. 1. Propose hybrid renewable energy generation system. 

 

II. SYSTEM DESCRIPTION 

The system block diagram and circuit architecture of the 

proposed hybrid power system is depicted in Fig. 1. The 

whole hybrid power generation system can be divided into 

four major functional blocks. The first block is solar power 

generation which consists of five 600W Photovoltaic 
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Modules (PV) cascaded in series. The output of the PV is 

regulated by s DC/DC booster converter for MPPT tracking 

[6]-[11]. The second block is wind power generation. The 

wind turbine employed is a three-phases permanent magnet 

synchronous motor (PMSM) followed by a three-phase 

switch-mode rectifier (SMR) instead of the commonly used 

three-phase bridge rectifier to avoid the lower power factor 

and high current harmonic incurred by the bridge rectifier. 

The SMR control strategy adopted is Perturb and Observe 

mythology for MPPT tracking also. The third block is the 

battery storage circuit block. The battery storage is composed 

of ten 12V/17Ah lead-acid batteries cascaded together, and 

by working with DC voltage Buck/Boost chopper to regulate 

the DC bus voltage connecting the PV module and wind 

turbine, therefore the common DC bus can be stabilized. This 

battery block serves mainly to add more degree of freedom 

for system energy management. The last block is output 

inverter, which is a single-phase full-bridge inverter, 

combined with a second order low pass filter to deliver 110V 

AC source to the load. Besides, an L-C resonant circuit is 

implemented in the DC bus side to eliminate the second 

harmonic introduced by the single-phase inverter. By putting 

all the function blocks together, an efficient solar and wind 

turbine hybrid power generation system is realized. 

The energy controller for the whole hybrid system is 

integrated into a (Digital Signal Processor) DSP. The DSP 

used is TMS320F2812 controller. TMS320F2812 has 16 12- 

Bits (Analog to Digital Converter) ADC channels, which is 

sufficient to acquire the system parameters in real-time for 

control purpose. In addition, 16 PWM channels are used to 

control the switching elements in the PV modules, wind 

turbine for MPPT tracking, and that of battery storage system 

for charge/discharge control and the switches of the output 

inverter to stabilize the power deliver to the load. The 

detailed circuit description in each circuit block will be 

presented in the following section [12], [13]. 

 

III. CIRCUIT ANALYSIS 

A.  PV Modules 
 

 
Fig. 2. The equivalent circuit model of PV module. 

 

 
Fig. 3. The booster converter circuit for Solar power generation system. 

 

Fig. 2 illustrates the equivalent circuit model of the PV 

modules. The relation of PV module's output current and 

output power can be expressed in (1) to (4). The DC/DC 

booster converter following the PV modules is shown in Fig. 

3, which performs MPPT tracking by deliberately controlling 

the 𝑆𝑝𝑣  switch in the booster converter. Fig. 4 and Fig. 5 

represent the booster converter operation mode when 𝑆𝑝𝑣   

switch is off and on respectively. When 𝑆𝑝𝑣  is off, the solar 

energy id disconnected to the DC bus, while 𝑆𝑝𝑣  is on, solar 

power is delivering to the DC bus. 
 

𝐼𝑝𝑣 = 𝑛𝑝𝐼𝑝𝑕 − 𝑛𝑝𝐼𝑟𝑠  𝑒𝑥𝑝  
𝑞

𝑘𝑇𝐴

𝑉𝑝𝑣

𝑛𝑠
 − 1  (1) 

𝐼𝑟𝑠 = 𝐼𝑟𝑟  
𝑇

𝑇𝑟
 

3

𝑒𝑥𝑝  
𝑞𝐸𝑔

𝑘𝐴
 

1

𝑇𝑟
−

1

𝑇
   (2) 

𝐼𝑝𝑕 =  𝐼𝑠𝑐𝑟 + 𝛼 𝑇 − 𝑇𝑟  
𝑆

100
 (3) 

𝑃𝑝𝑣 = 𝑉𝑝𝑕𝑛𝑝𝐼𝑝𝑕 − 𝑉𝑝𝑕𝑛𝑝𝐼𝑟𝑠  𝑒𝑥𝑝  
𝑞

𝑘𝑇𝐴

𝑉𝑝𝑣

𝑛𝑠
 − 1  (4) 

 

𝑉𝑝𝑣 : PV output voltage 𝐼𝑝𝑣 : PV output current 

𝑛𝑠: number of series cells 𝑛𝑝 : number of parallel cells 

𝐴: ideality factor (1~2) 𝐼𝑟𝑠 : reverse saturation current 

𝑇: junction temperature °K 𝑆: Irradiance (kW m2 ) 

k: Boltzmann's gas constant (1.38 ∗ 10−23 J °K ) 

𝑞: electronic charge (1.6 ∗ 10−19C) 

𝛼: short current coefficient 
 

 
Fig. 4. Spv : on operation mode. 

 

 
Fig. 5. Spv : off operation mode. 

 

According to KVL and KCL, the system equation of the 

operation mode when 𝑆𝑝𝑣  is on can be derived as  

𝑉𝑝𝑣 = 𝐿𝑝𝑣

𝑑𝑖𝐿𝑝𝑣

𝑑𝑡
+ 𝑟𝐿𝑝𝑣 𝑖𝐿𝑝𝑣  (5) 

𝐶𝑝𝑣

𝑑𝑉𝑝𝑣

𝑑𝑡
+

𝑉𝑑𝑐

𝑅𝑙𝑜𝑎𝑑

= 0 (6) 

When 𝑆𝑝𝑣 : off, the system equations expressed by (7) and 

(8): 

𝑉𝑝𝑣 = 𝐿𝑝𝑣

𝑑𝑖𝐿𝑝𝑣

𝑑𝑡
+ 𝑟𝐿𝑝𝑣 𝑖𝐿𝑝𝑣 + 𝑉𝑑𝑐  (7) 

𝑖𝐿𝑝𝑣 = 𝐶𝑝𝑣

𝑑𝑉𝑝𝑣

𝑑𝑡
+

𝑉𝑑𝑐

𝑅𝑙𝑜𝑎𝑑

 (8) 

By re-arranging (5) ~ (8), the state equation of the whole 

PV modules can be derived as: 

 

𝑑𝑖𝐿𝑝𝑣

𝑑𝑡
𝑑𝑉𝑑𝑐

𝑑𝑡

 =

 
 
 
 
 −

𝑟𝐿𝑝𝑣

𝐿𝑝𝑣

𝑑𝑝𝑣 − 1

𝐿𝑝𝑣

1 − 𝑑𝑝𝑣

𝐶𝑑𝑐
−

1

𝑅𝑙𝑜𝑎𝑑 𝐶𝑑𝑐  
 
 
 
 

 
𝑖𝐿𝑝𝑣
𝑉𝑑𝑐

 +  

1

𝐿𝑝𝑣

0

  (9) 
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The detailed Perturb and Observe for solar power MPPT 

tracking control flow is plotted in Fig. 6 [14]. 

 

 
Fig.  6.  Perturb and Observe control flow for solar r power generation 

system. 
 

B. Wind Turbine 

The wind power conversion circuit diagram is depicted in 

Fig. 7. The energy generated by the wind turbine is converted 

by a three-phase switch-mode rectifier (SMR). In comparison 

with the traditional AC to DC full bridge rectifier converter 

with the merits of simplicity and control-free, however, due 

to the natural characteristic of diode rectification, the wind 

turbine will exhibit non-continuous current and thus induce 

huge low harmonic current distortion. This will lower the 

power factor and sacrifice the power generation efficiency. 

To conquer these disadvantages of the traditional bridge 

rectifier conversion, the SMR architecture is adopted. The 

SMR consists of three step-up inductors, six IGBT switches 

with built-in free-wheel diode. The control algorithm will be 

explained as follows [15]-[19]. 

 

 
Fig. 7. Wind turbine power converter circuit. 

 

1) SMR switching algorithm 

Assuming that the input three phase voltages 𝑉𝑎 , 𝑉𝑏  and 𝑉𝑐  

from wind turbine to SMR are balanced. The three phase 

input currents will keep close track with the three phase input 

voltages of wind turbine. For easy explanation of the SMR 

working principle, the variable cycle period is divided into 6 

working zones with 60 degree each. The three phase output 

voltages divided into 6 working zones is showed in Fig. 8.  

Here, behavior of zone I is used as a working example to 

simplify the explanation of the SMR switching algorithm. In 

zone I, input voltage 𝑉𝑎  and 𝑉𝑐  are positive, 𝑉𝑏  is negative. As 

assumed, the three phase output voltages are in phase with the 

output current, then the output current 𝑖𝑎  and 𝑖𝑐  are positive, 

while 𝑖𝑐  is negative, which is the same situation with the 

voltages. In this zone, the current will not flow through 

 𝐷𝑎
−,  𝐷𝑏

+ and 𝐷𝑐
−and switches 𝑆𝑎

+, 𝑆𝑏
−and 𝑆𝑐

+. By controlling 

𝑆𝑎
−, 𝑆𝑏

+and 𝑆𝑐
−, where 𝑆𝑏

+ is always off and 𝑆𝑏
− is always on, 

hence the converter circuit is equivalent to two booster 

converter cascaded in parallel as shown in Fig. 9. By the 

analysis in zone I, the SMR circuit in Fig. 7 can be simplified 

and reduced to circuit in Fig. 9. The Fig. 9 can further 

generalized and represented by Fig. 10.  

 

 
Fig. 8. Wind turbine output voltage within one cycle period divided by 6 

operational zones. 

 

 
Fig. 9. The equivalents circuit of zone I for wind turbine generation system. 
 

 
Fig. 10. The circuit equivalents to two booster converter cascaded in parallel 

for all zones. 

 

With the circuit topology in Fig. 10, the voltage and 

current mapping for all operation zones are listed in Table I. 

2) Wind turbine power factor correction algorithm: 

Fig. 11 depicts the power correction algorithm of the wind 

turbine. When the input impedance of the equivalent circuit 

model of two booster converter cascaded in parallel as shown 

in Fig. 10 is pure resistive, the power factor will be 1. 

However, the input impedance is not resistive; therefore 

some correction method has to be adopted to modify the 

power factor to be close to 1 as possible. Assume that the 

input impedance is resistive and expressed by 𝑅𝑒𝑞 , then the 

relation between the voltage and current is: 
 

 𝑉𝑎  = 𝑅𝑒𝑞   𝐼𝑎    
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 𝑉𝑏  = 𝑅𝑒𝑞   𝐼𝑏    

 𝑉𝑐  = 𝑅𝑒𝑞   𝐼𝑐    
 

The 𝑉𝑋  and  𝑉𝑌  in Fig. 10 is synthesized by  𝑉𝑎𝑏 , 𝑉𝑏𝑐  or 

𝑉𝑐𝑎  according to the mapping list in Table I. The synthesized 

𝑉𝑋  and 𝑉𝑌 are used as command waveform to be followed by 

the desired 𝐼𝐿𝑋  and 𝐼𝐿𝑌  current command to make the power 

factor close to 1。The current command 𝐼𝐿𝑋_𝐶𝑂𝑀  and 𝐼𝐿𝑌_𝐶𝑂𝑀  

are compared to the real 𝐼𝐿𝑋  and 𝐼𝐿𝑌  current waveform, the 

current waveform error (𝑒𝑟_𝑋  and 𝑒𝑟_𝑌 ) is input to a P-I 

controller. The compensated command is compared to a 

PWM circuit to decide the on-off duty cycle of the 

corresponding switches in different operational zone. Table 

II lists the switches to be controlled on or off in the 6 

operation zones.  

To achieve near 1 power factor, the 𝑉𝑋 , 𝑉𝑌 , 𝐼𝐿𝑋  and 𝐼𝐿𝑌  

have to be chosen according to Table I, while which switches 

of the SMR circuit to be controlled in each zone are decided 

by Table II. The selected parameters from Table I are 

calculated according to (10) ~ (15) to derive the switching 

command 𝑑𝑋  and 𝑑𝑌  to the switches of the SMR circuit. 

 
TABLE I: VOLTAGE AND CURRENT MAPPING LIST FOR ALL OPERATIONAL 

ZONES SHOWN IN FIG. 10 

 𝑉𝑋  𝑉𝑌 𝐼𝐿𝑋  𝐼𝐿𝑌  𝐼𝐿𝑍  𝑆𝑋  𝑆𝑌  1 

Ⅰ 𝑉𝑎𝑏  𝑉𝑐𝑏  𝐼𝑎𝑏  𝐼𝑐𝑏  𝐼𝑎𝑏 + 𝐼𝑐𝑏  𝑆𝐴
− 𝑆𝐶

− 𝑆𝐵
− 

Ⅱ 𝑉𝑎𝑏  𝑉𝑎𝑐  −𝐼𝑎𝑏  −𝐼𝑎𝑐  −(𝐼𝑎𝑏 + 𝐼𝑎𝑐) 𝑆𝐵
+ 𝑆𝐶

+ 𝑆𝐴
+ 

Ⅲ 𝑉𝑏𝑐  𝑉𝑎𝑐  𝐼𝑏𝑐  𝐼𝑎𝑐  𝐼𝑏𝑐 + 𝐼𝑎𝑐  𝑆𝐵
− 𝑆𝐴

− 𝑆𝐶
− 

Ⅳ 𝑉𝑏𝑐  𝑉𝑏𝑎  −𝐼𝑏𝑐  −𝐼𝑏𝑎  −(𝐼𝑏𝑐 + 𝐼𝑏𝑎 ) 𝑆𝐶
+ 𝑆𝐴

+ 𝑆𝐵
+ 

Ⅴ 𝑉𝑐𝑎  𝑉𝑏𝑎  𝐼𝑐𝑎  𝐼𝑏𝑎  𝐼𝑐𝑎 + 𝐼𝑏𝑎  𝑆𝐶
− 𝑆𝐵

− 𝑆𝐴
− 

Ⅵ 𝑉𝑐𝑎  𝑉𝑐𝑏  −𝐼𝑐𝑎  −𝐼𝑐𝑎  −(𝐼𝑐𝑎 + 𝐼𝑐𝑎 ) 𝑆𝐴
+ 𝑆𝐵

+ 𝑆𝐶
+ 

 

 
Fig. 11. Control scheme of the three-phase SMR converter.  

 

𝐼𝐿𝑋
∗ =  𝑉𝑋.𝑝𝑢  ∗ 𝐼𝐿𝑋_𝐶𝑂𝑀  (10) 

𝐼𝐿𝑌
∗ =  𝑉𝑌.𝑝𝑢  ∗ 𝐼𝐿𝑌_𝐶𝑂𝑀  (11) 

𝑆𝑋 =  𝐼𝐿𝑋
∗ − 𝐼𝐿𝑋 ∗  𝐾𝑃 +

𝐾𝐼

𝑆
  (12) 

𝑆𝑌 =  𝐼𝐿𝑌
∗ − 𝐼𝐿𝑌 ∗  𝐾𝑃 +

𝐾𝐼

𝑆
  (13) 

𝑆𝑋 =   𝑉𝑋.𝑝𝑢  ∗ 𝐼𝐿𝑋_𝐶𝑂𝑀 − 𝐼𝐿𝑋 ∗  𝐾𝑃 +
𝐾𝐼

𝑆
  (14) 

𝑆𝑌 =   𝑉𝑌.𝑝𝑢  ∗ 𝐼𝐿𝑌_𝐶𝑂𝑀 − 𝐼𝐿𝑌 ∗  𝐾𝑃 +
𝐾𝐼

𝑆
  (15) 

 

where  𝑉𝑋.𝑝𝑢  : absolute value of normalized 𝑉𝑋   

 𝑉𝑌.𝑝𝑢  : Absolute value of normalized 𝑉𝑌 

𝐼𝐿𝑋_𝐶𝑂𝑀 , 𝐼𝐿𝑌_𝐶𝑂𝑀 : Desired 𝐼𝐿𝑋 , 𝐼𝐿𝑌  command  

 
TABLE II: SWITCHING LIST FOR ALL OPERATIONAL ZONE  

Zone A B C 

𝑆𝐴
+ 𝑆𝐴

− 𝑆𝐵
+ 𝑆𝐵

− 𝑆𝐶
+ 𝑆𝐶

− 

I 0 𝑑𝑋  0 1 0 𝑑𝑌 

II 1 0 𝑑𝑋  0 𝑑𝑌 0 

III 0 𝑑𝑌 0 𝑑𝑋  0 1 

IV 𝑑𝑌 0 1 0 𝑑𝑋  0 

V 0 1 0 𝑑𝑌 0 𝑑𝑋  

VI 𝑑𝑋  0 𝑑𝑌 0 1 0 

 

As listed in Table II, there is only one switch active in each 

switch arm in each operational zone. This will minimize the 

total switching loss of the SMR circuit and thus benefit the 

power factor correction more efficiently. Besides, there is 

also no switch dead time issue in the correction algorithm, the 

total harmonic distortion (THD) is also reduced.  

 

 
Fig. 12. Perturb and Observe control flow for wind turbine power generation 

system. 

 

 
Fig. 13. Buck/boost dc chopper circuit of the battery system. 

 

C. Battery Storage 

The battery system uses a buck/boost dc chopper circuit as 

the charge and discharge circuit to balance the DC bus. The 

buck/boost dc chopper circuit of the battery system is 

depicted in Fig. 13. The circuit consists of a single arm IGBT 

switches of (𝑆𝑏𝑎𝑡
+ , 𝑆𝑏𝑎𝑡

− ) and ripple current L-C filter. When 

the output powers form either the PV modules or the wind 

turbine is larger than the load needs. The buck/boost dc 

chopper will work in the buck conversion mode to store the 

excess energy to the battery system, while the output power 

generated is less than the load needs, the buck/boost dc 

chopper will work in the boost conversion mode to discharge 

the energy from the battery system onto the DC bus in order 

to maintain the desired DC bus voltage and hence keep the 

DC bus in stable condition. The equivalent circuit of the 

buck/boost dc chopper working in the boost and buck 
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conversion mode is illustrated in Fig. 14. With the equivalent 

circuit, the corresponding equations can be derived as (16) ~ 

(19). 
 

 
Fig. 14. Equivalent circuit of boost and buck mode. 

 

By KVL, the discharge equation can be expressed as in (16) 

and (17), while in the charging equation can be derived and 

expressed as in (18) and (19): 

𝑉𝑏𝑎𝑡 =  1 − 𝑑𝑏𝑜𝑜𝑠𝑡  𝑉𝑑𝑐 + 𝐿𝑏𝑎𝑡

𝑑𝑖𝐵𝑑

𝑑𝑡
+ 𝑟𝐿𝑏𝑎𝑡 𝑖𝐵𝑑  (16) 

𝑑𝑏𝑜𝑜𝑠𝑡
∗ =

1

𝑉𝑑𝑐

 
𝐿𝑏𝑎𝑡

𝑇𝑠
 𝑖𝐵𝑑

∗ − 𝑖𝐵𝑑  + 𝑉𝑑𝑐 − 𝑉𝑏𝑎𝑡   (17) 

𝑑𝑏𝑢𝑐𝑘 𝑉𝑑𝑐 = 𝑉𝑏𝑎𝑡 + 𝐿𝑏𝑎𝑡

𝑑𝑖𝐵𝑐

𝑑𝑡
+ 𝑟𝐿𝑏𝑎𝑡 𝑖𝐵𝑐  (18) 

𝑑𝑏𝑢𝑐𝑘
∗ =

1

𝑉𝑑𝑐

 
𝐿𝑏𝑎𝑡

𝑇𝑠
 𝑖𝐵𝑐

∗ − 𝑖𝐵𝑐 + 𝑉𝑏𝑎𝑡   (19) 

Fig. 15 shows the control flow chart of the buck/boost dc 

chopper circuit of the battery system. The algorithm reading 

the current DC bus and voltage 𝑉𝑏𝑎𝑡  in the start and compare 

it with the reference working voltage  𝑉𝑟𝑒𝑓 . As described 

above about the working principle of the buck/boost dc 

chopper circuit of the battery system. The algorithm will keep 

the DC bus voltage in close track with the reference voltage 

to stable the DC bus in order to achieve stable output power 

to the load [20].  

 
Fig. 15. Battery system’s buck/boost dc chopper control flow. 

D. Single Phase Inverter Output 

The single phase inverter output circuit is to convert the 

DC bus voltage to an equivalent 60 Hz/110 V AC power 

source as shown in Fig. 16. The inverter is composed of a full 

bridge inverter composed of four IGBT switches in two arms, 

an input capacitor bank and output L-C low-pass filter. The 

major task of the inverter is to convert the DC voltage 

switched with high frequency to form a chopped AC 

waveform and then filtered by low-pass filter to smooth AC 

alternative power source to the load [21], [22]. 

The total system energy flow trend is illustrated in Fig. 17. 

The proposed system is an independent power generation 

system, not connected to the external power grid. To deliver a 

stable output power to the load through the single phase 

inverter, the power among the sub-system has to be balanced. 

The power distribution and balance algorithm is listed in 

Table III. 

 

 
Fig. 16. The full bridge circuit for output power stage. 

 

 
Fig. 17. The energy flow trends of the hybrid power generation system. 

 

TABLE III: POWER DISTRIBUTION AND BALANCE ALGORITHM 

Case PV Power Wind Power Battery Power System 

1 0 0 𝑃𝑏𝑎𝑡 = 𝑃𝑙𝑜𝑎𝑑  

2 𝑃𝑝𝑣 = 𝑃𝑙𝑜𝑎𝑑  0 0 

3 0 𝑃𝑤𝑖𝑛𝑑 = 𝑃𝑙𝑜𝑎𝑑  0 

4 𝑃𝑝𝑣 + 𝑃𝑤𝑖𝑛𝑑 = 𝑃𝑙𝑜𝑎𝑑  0 

5 𝑃𝑝𝑣 + 𝑃𝑤𝑖𝑛𝑑 > 𝑃𝑙𝑜𝑎𝑑  
𝑃𝑏𝑎𝑡 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 − 𝑃𝑤𝑖𝑛𝑑   

if negative, battery is charged 

6 𝑃𝑝𝑣 + 𝑃𝑤𝑖𝑛𝑑 < 𝑃𝑙𝑜𝑎𝑑  

𝑃𝑏𝑎𝑡 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 − 𝑃𝑤𝑖𝑛𝑑   

If positive, battery is 

discharged. 

IV. EXPERIMENTAL RESULTS 

A. Solar Power Output Test 

In Fig. 18, the PV module MPPT tracking profile is 

measured when MPPT is on. In the first 15 second, the duty 

cycle of the 𝑆𝑝𝑣  switch in the booster converter is varied and 

scanned to find the maximum power point to be use as MPPT 

tracking reference point, which is located at about 220 W. 

After 15 second, the Perturb and Observe algorithm is active, 

as shown in the Fig. 18, the maximum power point tracked is 

also about 220 W. This implies that the MPPT tracking 

strategy is proven to be correct. Fig. 19 shows the PV 

modules output voltage and current profile during 24 hours of 

measurement with sufficient sunshine. While in Fig. 20, the 

solar output power profiles with and without MPPT and 

Perturb and Observe algorithm are depicted. It is shown that 

the output power with MPPT and Perturb and Observe 

algorithm is near four times than that without MPPT and 

Perturb and Observe algorithm. 
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Fig. 18. the MPPT algorithm profile of solar power. 

 

 
Fig. 19. Solar power voltage and current output profile during 24 hours. 

 

 
Fig. 20. Solar power output profile with/without MPPT during 24 hours. 

 

B. Wind Turbine Output Test 

In the wind power test, Chroma 6170, which is 

Programmable AC source delivers 3-phase AC power, is first 

used to simulate the wind power output. The power output 

varies with frequency from 20 to 120 Hz, with voltage 0 to 

40V and the parameter change period is 250msec in order to 

test the SMR circuit’s capability to correct the power factor 

for optimal operation. 

 

 
Fig. 21. Wind power output V-I curves with SMR active. 

  

In the second phase of the test, a small wind turbine, 

Rutload 913 is adopted to verify the claimed optimal power 

factor correction and MPPT tracking with the simulation 

source. In fixed wind speed, the V-I curves using diode 

bridge and SMR circuit is shown in Fig. 22 and Fig. 23 

respectively. As can be seen from Fig. 21, the diode bridge 

can only achieve 50 W output power with 0.939 power factor 

and total current harmonic distortion of 36.3%. 

While in SMR circuit working with MPPT and Perturb and 

Observe algorithm, the achievable output power is 60 W with 

0.998 power factor and total current harmonic distortion of 

5.13%. Fig. 24 illustrates the wind turbine output power 

curves with diode and SMR. It is observed that, comparing to 

the traditional diode bridge, the output power is increased, the 

power factor is improved and the current harmonics is 

reduced. These all contribute to enhance the efficiency of 

wind power generation system. Fig. 25 and 26 demonstrate 

the single phase line voltage vs. the three phase current 

profiles before and after power factor correction with Wind 

turbine power factor correction algorithm describe in Section 

Ⅲ.B.2. 
 

 
 

Fig. 22. Wind power output V-I curves with diode bridge rectifier. 

 

 
Fig. 23.the V-I curves of Wind turbine power output with SMR. 

 

 
Fig. 24. Wind power output power with/without SMR. 

 

 
Fig. 25. Wind power output V-I curves without compensation. 
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Fig. 26. Wind power output V-I curves with compensation. 

 

The V-I curves variations due to the load change are also 

tested. In Fig. 27, the V-I curves are depicted when the load is 

change from 280W to lighter load 90 W, while in Fig. 28, the 

load change is reversed from 90W load to heavier load 280W. 
 

 
Fig. 27. Wind power output V-I curves with load disturbance from 280W to 

90W. 

 

 
Fig. 28. Wind power output V-I curves with load disturbance from 90W to 

280W. 

 

Fig. 29 depicts the power output curves of the proposed 

hybrid system from 6 am to 21 pm. The power curve of the 

PV modules, wind turbine, battery system and load are 

included in the Figure. The power curve of each sub-system 

varies with time and is divided into four zones for convenient 

explanation of why the power curve varies with time, which 

the explanation is described as followed: 

1) 0~𝑡1 

The load power needed is set as 90W. The solar power 

output is between 100W to 400W and the wind power output 

is around 0~400W. The total renewable power is larger than 

the load needs. To keep stable output power to load, the 

battery is operating in charge mode to store excessive solar 

and wind power energy. 

2) 𝑡1~𝑡2 

The load power needed is increased from 90W to 240W. 

The total renewable power is also larger than the load needed. 

Hence, the battery is still operating in charge mode to store 

excessive energy.  

3) 𝑡2~𝑡3 

The load power needed is 240W. During this period, the 

∆𝑖𝐿𝑝𝑣  in Fig. 6 of the solar power Perturb and Observe 

algorithm is reduced to avoid large power variation. It is 

observed the solar power output varies smoothly in 

decreasing manner from 400W to 250W. In the period, the 

aggregated power by solar and wind is still larger than the 

load needs, the battery is still operating in charge mode. 

4) 𝑡3~after 

The load power needed is 240W. The solar power output 

decreases with reduced sun irradiance, the aggregated power 

by solar and wind is under what the load needs, the battery is 

now operating in discharge mode to compensate the energy 

gap. 

 

 
Fig. 29. Hybrid solar and wind system power output curves. (a) PV module 

power output (b) wind power output (c) battery power changes (d) load 

power variations. 
 

When the battery cells are fully charged and the renewable 

power output is over what the load needs, the voltage of the 

DC bus will increase. This will endanger the proposed hybrid 

system. When this situation occur, the MPPT function for 

both the solar and wind power will be shut down, the battery 

will discharge and provide power to the load to avoid damage 

to the proposed hybrid system. Besides, when there is no sun 

irradiance and wind and the battery storage is below the 

safety low threshold, the inverter to the load will be stopped 

to protect the battery cells from over-discharging. 

 

V. CONCLUSION 

In this paper, a hybrid power generation system 

comprising solar, wind turbine and battery cells is introduced 

and implemented. It is demonstrated that the solar PV 

modules combined with DC/DC boost power converter and 

wind turbine combined with SMR converter work with 

MPPT and perturb and observe algorithm is capable of 
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achieving MPPT tracking for both solar and wind power 

renewable energy. Besides, the power factor correction for 

wind turbine with SMR is a better structure than the 

traditional diode bridge, that can be improved the generation 

efficiency of wind turbine. All the MPPT algorithm and 

control strategy is implemented using digital signal processor 

(DSP, TMS320F2812), which is compact and easy to modify 

the control algorithm. Experimental results show that a stable 

and smooth operation of the hybrid renewable power system 

controlled by DSP processor is a feasible solution. 
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