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Abstract 
 
This paper reports  design and construction of a testbed for the experimental study of wind/solar 
“hybrid” power systems for  undergraduate power systems engineering technology education.  This 
testbed consists of a small Photovoltaic Solar Array, a DC Wind Turbine/Generator,  deep cycle 
storage batteries, a solid-state DC/AC power inverter, connecting wiring and fuses, AC and DC 
circuit breakers, lightning arrester,  a wind monitor,  a Lab-View based data acquisition system, and 
supporting instruments. Experimental results are presented depicting power quality issues such as 
harmonic generation due to the nonlinear loads, and voltage sags due to load switching operations 
on the AC side.  
 
I. Introduction 
 
This paper describes the design, construction, and implementation of a novel testbed for the 
experimental study of  AC/DC integrated power systems.  The testbed has been motivated by the 
problems associated with connecting renewable eco-friendly power sources such as wind turbines 
and photo-voltaic solar cells to commercial power grids.  The complex interactions among the 
electrical power grid, these generating elements, and other components in the system such as storage 
batteries and DC to AC power inverters can lead to power quality problems and even grid stability 
problems.  Although wind and solar power sources represent a robust and well-known technology, 
these stability and power quality issues have limited the deployment of these eco-friendly power 
sources in commercial power grids.  The testbed has been constructed at the Industrial Technology 
Center at the University of Northern Iowa. Figure 1 illustrates the power inverter unit. Figure 2 
illustrates the Photovoltaic solar cells.  Figure 3 illustrates the mast-mounted wind turbine/generator 
with 12 V, 63A DC rated output.  Also mounted on the turbine's mast is a commercially available 
Model 05103V  anemometer which includes  wind direction and speed sensor. The overall testbed 
consists of a 750 Watt mast mounted wind turbine, a 680 Watt ground based solar photovoltaic 
array, a DC to AC power inverter based on solid-state devices, a lead-acid battery array for power 
storage, a set of linear and non-linear loads, and connecting cabling and junction boxes.  Also 
available are both  stand-alone and PC-based data acquisition equipment for recording voltages, 
currents, and power factor of the electrical signals in the system and also for measuring power 
quality data such as harmonic responses and transient power fluctuations.  Extensive experimental 
results are presented (1) illustrating steady state voltages and currents in the system, (2) illustrating 
power quality problems due to small nonlinear load effects, and (3) showing  power quality issues 
related to the switching effects of a very large load on the system.  Also presented is a simulation 
result based  on an extensive detailed model of the system as analyzed on a commercial power 

P
age 6.40.1



Proceedings of the 2001 American Society for Engineering Education Annual Conference & Exposition 
Copyright © 2001, American Society for Engineering Education 

quality software package called PSCAD/EMTDC.   Although the testbed has a small-scaled power 
capacity, it vividly demonstrates many of the complex interactions found in integrated power systems 
and has been a useful tool for studying possible solutions to such problems.  
 
II. Literature Review 
 
A few representative papers in this area of study would include the work of Sabin and coworkers 
[16] who have described power quality tools for large scale power grids and  Koval [8] and 
coworkers have done similar work on small scale power grids.  Several papers have appeared on 
control schemes to improve power quality including novel work by Konishi and Nakaoka [7] who 
have used PWM dc-ac conversion circuits in  this application and Michigami and coworkers [10] 
who have taken a more traditional approach using generator exciting currents.  Poisson [15] and 
coworkers have described the use of a high-speed digital controller using DSP chips for power 
quality improvement control schemes.  Barbosa [1] and Heydt [4] and their many coworkers have 
described the use of discontinuous controller strategies for power quality improvement. Finally 
Neris, Vovos, and  Giannakopoulos [11] have described an IGBT (Integrated-Base-Bipolar-
Transistor) based regulator that has many similarities to the approach taken in this testbed.  In the 
area of ecologically friendly power generation, Jones [5] has described cogeneration using industrial 
waste heat as a power generation scheme and its effects on power quality.  McNeil and coworkers 
[9],  Oliva and coworkers in [12], and Chowdhury [2] have described the power quality aspects of 
Solar Photovoltaic power generation.  Wind turbine power generation has an extensive and very 
specialized literature including contributions by Demoulias and Dokopoulos [3] on transient power 
measurement, Thiringer [18] on harmonic power measurement, and Taylor [17] specifically on 
practical power quality measurements.  Kariniotakis and Stavrakakis [6]  have presented simulated 
studies of the interactions between power grids and wind generation systems.   The authors' previous 
publications in this area have highlighted computer programming [13] and educational [14] aspects 
of this research. 
  
III. The Testbed System and Pedagogical Use in an Undergraduate Power Systems Course 
 
Figure 4 presents a functional block diagram of the system.   The solar photovoltaic cells and wind 
turbine provide dc power to the power inverter. The power inverter either sends this power to 
charge an array of deep-cycle batteries or converts the power to ac.  The ac power is used in a set of 
linear (light bulbs, heaters) and nonlinear loads (fluorescent bulbs, high-efficiency bulbs) connected 
to the system via a junction box.    Instrumentation resources include hand-held power quality 
instruments (Figure 1) that can be interfaced to a PC (Figure 5) for data acquisition.  Not depicted is 
a stand-alone PC-based data acquisition card equipped with 32 channels of isolation amplifiers for 
multi-point measurements.  The lower object mounted on a boom in Figure 3 is an anemometer  that 
monitors wind direction and wind speed using this PC-based multi-point measurement system.   
Figure 6 depicts the junction box for the system.  Numerous bus fuses are used for protection of the 
users of the system.  A surge arrestor is also included due to the damage possible from the mast-
mounted wind turbine by lightning strikes. The testbed is used as a laboratory experiment in the class 
of 330:038 Introduction to Electrical Power and Machinery (with previous title 330:038 Industrial 
Electricity). The lab activities include the following aspects: (1) use of wind and solar energy 
resources in the power generation,  (2) AC/DC power system interactions which includes power P
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quality issues in both AC and DC sides of  the system, (3) computer based monitoring of  power and 
harmonics with variety of linear and nonlinear loads, and (4) fault studies. Students are very pleased 
to use the testbed unit as long as the weather has sufficient wind and/or sunlight. 
 
IV. Data Examples 
 
As examples of steady-state data, Figure 7 depicts the battery dc voltage for the no-load (electrical 
load) situation and Figure 8 depicts the output voltage of the wind turbine/generator  for the no load 
(electrical load) situation.    Some examples of transient responses with respect to small loads include 
Figure 9 which depicts distortion in the DC voltage at the input of the  inverter  when small 
combined linear and nonlinear loads are applied to the system.  Figure 10 depicts the harmonic 
spectrum of the distorted ac signal at the output of the inverter.  As can be seen, the total harmonic 
distortion caused by the small nonlinear loads is in the range of 30%. A major problem of hybrid 
power generation systems is their sensitivity to nonlinear loads.   Figure 11 depicts a major load 
change situation.  This figure is battery voltage when a large load of 8 A is connected at 5 s and a 
load of 9 A  is connected at 54 s.  The battery takes almost 30 s to recover from the voltage sag 
caused by the large load changes.  Figure 12 depicts the major voltage sags at the input of the 
inverter during repeated switching of the 8 A load.  These data vividly illustrate the problems of 
interconnecting hybrid systems with commercial power grids.  Even small nonlinear loads may cause  
unacceptable levels of harmonic distortion.  The long recovery time of battery-based storage systems 
can be a major obstacle in the practical implementation of hybrid power systems.  
 
V. Simulation Examples 
 
Figure 13 depicts a PSCAD/EMTDC simulation of a nonlinear load situation.  The upper graph is a 
voltage waveform and the lower two graphs are harmonic responses.  The availability of this 
simulation allows for potential tests to be evaluated for possible hazards prior to committing the 
physical resource of the testbed.  Work is continuing on improving this simulation model. 
 
VI. Conclusions 
 
A testbed for studying the complex interactions between a simple “wind/solar” hybrid power unit and 
commercial power grid has been developed at the University of Northern Iowa. The testbed consists 
of a Photovoltaic solar array, a wind turbine/generator, a deep-cycle battery array, an inverter, 
connecting junctions, and supporting instruments.  Several examples of both steady state and 
transient responses are shown from experimental data.  A harmonic response to a small non-linear 
load is depicted from a computer simulation.  Work is progressing on this testbed to monitor all the 
variables by LabView  6.0 and transfer the real-time data to an active web server for easy access.  
Refinements in the computer model are in progress and a multi-point isolated PC-based data 
acquisition system is being deployed to enhance the capabilities of the testbed. 
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Figures 
 

Figure 1.  Inverter and AC output unit. 
 

 
Figure 2. Solar Array assembly. 

 

 
Figure 3. Mast mounted wind generator. 

 

 
Figure 4. System diagram. 

 
 

Figure 5. Instrumentation setup. 
 

 
Figure 6. Junction box. 

 
Figure 7.  DC voltage measured at battery terminals at 

variable wind and  load changes at AC side. 

 
          Figure 8. Wind turbine/generator output at no-load. 
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Figure 9. Distorted  DC  voltage at inverter input. 

 
 

 
Figure 10. Harmonic spectrum of distorted AC signal 

 
 

Figure 11. AC Voltage output with a load of 8 A at 5 s and 
9 A at 54 s. 

 
 

 

 
 

Figure 12.  Inverter input  voltage  sags and swells  during 
repeated 8 A load switching. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Simulation of harmonic generation. 
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