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ABSTRACT
This paper investigates the capability of satellite remote sensing to monitor the performance of ground-based PV arrays. A comparison between the actual output of photovoltaic (PV) power plants and satellite-simulated output estimates is presented. The paper shows evidence that the satellite resource is an effective means of monitoring PV performance and troubleshooting potential problems. 

1.INTRODUCTION 

Satellite remote sensing could potentially span entire continents, in real time, with an achievable ground resolution of the order of a kilometer. Once properly developed and validated, this resource could be put to operational use in support of PV deployment, providing, e.g., system performance feedback, utility grid interaction monitoring, and elements of system metering. The possible « mass monitoring » of PV installations could be done at a small fraction of the cost of conventional monitoring equipment (e.g., see [1,2]). 

In this paper we provide a validation of the satellite resource against the monitored output of six PV installations distributed through the US. 

2.METHODS 

2. 1 PV Simulation From Satellite 

Intermediate resolution (~10 km) images from the visible channel of the Goes East and Goes West satellites are used as primary input for the simulations [3]. Irradiances are modeled from these images following approaches previously developed by the authors and colleagues [4,5,6]. Besides satellite data, ancillary model inputs include meteorological data (i.e., regional temperature and wind speed) that are generally available from meteorological data streams. 

PVFORM is used for irradiance-to-PV modeling [7]. This simulation program was modified to handle the custom multi-row 1-axis tracking procedure used in two of the considered PV systems (see below). This procedure, which prioritizes the elimination any row-to-row shading over minimizing solar incidence, involves non-ideal tracking and some backtracking in early AM and late PM hours. 

2.2 Ground Truth Data
Six PV arrays operated as part of the UPVG program [8] were selected for the analysis. These arrays feature a diverse sample of sizes (2.5 to 140 kW) geometries (fixed and one-axis tracking) and climates (see Table 1 and Figure 1).

For each array, ground truth data include plane-of-array irradiance (POAI) and PV-ac output. This information enables a precise accounting of errors between the satellite-to-irradiance and irradiance-to-PV models, and consequently an ability to evaluate the PV underperformance detection capability of the satellite. 

2. 3 Performance Evaluation
Complementary performance validation benchmarks are used to evaluate the suitability of satellite-based simulations for different application objectives, namely: system performance monitoring & metering, grid-penetration analyses, and power outage mitigation analyses.

	  

TABLE 1: SELECTED PV ARRAYS
Site                                       Utility System      (PTL1 rating)                        Experimental data period 

Sacramento Airport, CA           SMUD                 117 kW       1-axis trk.        Oct   -98  to    Sep  -99 

Davis PVUSA, CA                    SMUD                 3 kW           fixed                 Oct   -97  to    Sep  -99 

Ocotillo (Tempe), AZ                APS                    70 kW         1-axis trk.        Oct   -98  to    Oct   -99 

Yonkers, NY                              NYPA                  81 kW         fixed                 Apr    -98  to    Mar   -99 

Lagrange, GA                           I-Flooring            15 kW         fixed                 Mar   -99  to    Sep  -99 

Rosemount, MN                       NSP                    2 kW           fixed                 Jul     -97  to    Oct   -99 . 

1 AC output 25oC Ambient         .  
      .

Fig. 1:Selected PV Arrays


These benchmarks include short-term errors (hourly RMSEs) and long-term periodic errors (e.g., monthly MBEs). The former is relevant to applications involving a real-time knowledge of PV output (e.g., grid interaction, peak load management, outage mitigation analyses), while the latter is relevant to the main issues of this paper -- performance feedback and remote metering applications.

3.RESULTS 

3. 1 Overall Results 

Table 2 reports the overall MBEs and RMSEs observed at each site and for both POAI and PV output. 

POAI biases are kept under 10% for all sites. This is slightly higher than observed for recent global irradiance validations by the author and others [4,5,6], but still very reasonable, especially given the fact that we did not account for site-specific ground-reflectivity and local obstructions. RMSEs are of the order 20-25% except for Rosemount, MN.These RMSEs are well in line with past evaluations [4,5,6]. Note that previous studies have shown that a substantial portion of this RMSE is a result of the discrepancy between a pinpoint ground measurement integrated in time, and an instantaneous satellite pixel snapshots integrated in space [4]; the effective, or intrinsic pixel-wide accuracy of the satellite has been estimated to be of the order 15%. The larger POAI RMSE in Rosemount may be explained on the following grounds: (1) Minnesota represents one of the worst possible case for the satellite model with winter ground snow cover affecting model accuracy, (2) the same snow cover may also have affected ground measurement accuracy, and (3) a much smaller average irradiance at that site translates in a higher relative error for the satellite, while absolute errors remain roughly unchanged from other sites. 

                                                 TABLE 2: OVERALL RESULTS 
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PV biases and RMSEs are larger than POAI’s but, remarkably, as shown in the rightmost columns of Table 2, the difference between the PV and POAI biases precisely matches the difference between UPVG-simulated and UPVG-measured PV output, indicating that much of the observed satellite-bias is traceable to PV performance shortcoming or overestimated array rating (see site specific observations below).

The scatter plots in Figure 2 provide a graphic illustration of the satellite’s short-term accuracy. The plots on the left compare satellite-derived (y-axis) against measured POAI (x-axis), while the plots on the right compare satellite-derived and measured PV output (normalized to 1 kW). These plots are consistent with earlier satellite model validations [9]; again note that much of the scatter is a direct result of the pixel vs. pinpoint comparison [4]. Some of the POAI under- or overestimating trends may be explained on the grounds of remaining (but eventually correctable) satellite uncertainties, such as regional turbidities, as well as unaccounted-for site-specific ground reflectivity and close/distant obstructions in the UPVG pyranometers field-of-views. 
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Fig. 2: Satellite (y-axis) vs. ground measured (x-axis)  POAI (left) and PV output (right)
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Fig. 3: Montly Mean Bias Errors (day-time W per installed kW) between Satellite-predicted and measured PV, and between UPVG-simulated and measured PV -- UPVG simulations are based upon measured POAI


The PV plots are similar to the POAI plots with the stronger tendency for overestimation noted above, as well as a larger degree of scatter, particularly for Davis, Sacramento and Rosemount – an indication of some degree of performance shortcomings at these sites (see below).

3.2 Focus Satellite PV Performance Monitoring 

In this section, we focus our attention on the ability of meteorological satellites to detect PV performance shortcomings. 

Figure 3 shows the monthly evolution of bias errors -- satellite simulated PV minus measured PV; and UPVG-simulated PV minus measured PV. UPVG simulations are based upon measured POAI values. Each point represents one month of data. The time evolutions of the satellite and UPVG biases are remarkably similar. High UPVG overestimates, indicative of potential system problems are matched one-on-one by high satellite overestimates. A site-specific discussion follows. 

Sacramento Array:Biases are kept at a reasonable level until June 1999 when the satellite’s MBE reaches and remains around 150 Wm-2. This MBE jump is matched by a ground-based simulation MBE of about 100 Wm-2. The ground-based discrepancy is indicative of some level of PV underperformance starting in June 1999. Yet undocumented causes for this shortcoming include a slight mis-tracking of one of the array’s nine trackers [10], and dry season soiling which has been observed to account for as much as 20% performance shortfall in some cases (see [11] in these proceedings). The top two plots in Fig. 4 illustrate the measured and satellite-simulated POAI and PV output for a few days in July 1999. Note that the satellite prediction is right on for POAI, but that PV output falls short from expectations by about 20%.

Rosemount Array: Both satellite and UPVG biases remain slightly positive throughout. However during January 1998 and 1999 and to a lesser extent in the surrounding months, the satellite bias reaches very high values. This is matched closely by a similar ground-based bias. These large biases are indicative of a major PV underperformance that is most likely the result of a persistent snow cover on top of the PV array, as no system malfunction was reported [12]. Snow cover is also the likely source of a greater winter discrepancy between the UPVG and satellite simulation biases – by affecting the POAI pyranometer as well as the satellite model. The bottom two plots in Fig. 4, showing POAI and PV profiles for a few days in January 1998, confirm that the PV system remained down for several days at a time. Look for instance at the eighth day in the time series: this is a very clear day with good POAI agreement between the pyranometer and the satellite; PV output gradually picks up in the late afternoon of that day after having been flat for three days, probably after the sun’s action on the roof got the snow to gradually slide off the modules. A similar effect is observable toward the end of Fig. 4’s time series.

Davis Array: Both satellite and UPVG PV simulations substantially overpredict the system’s output until September 1998 – the 12th point on the graph. Informal discussions with PVUSA [13] confirmed that the array did not operate properly until the fall of 1998 for a variety of reasons including inverter, array and data acquisition problems. This array was in fact “field-rated” in the fall of 98 after all the problems had been resolved. Both satellite and ground biases remain within acceptable limits until late spring 1999 where a tendency toward overestimation is again noted. This second set of overprediction, although not as strong as the first, corresponds to the overprediction at the nearby Sacramento array, indicating a possible effect of array soiling. Note that the satellite and UPVG trends are about 50 Wm-2 apart but follow very similar patterns over time. 

Ocotillo Array: Very good agreement throughout is observed for both the ground-based and satellite-based simulations. This power plant operated up to specs during the considered period. 

Yonkers array: The persistent small positive satellite bias is matched to a significant extent by the UPVG simulation bias, possibly indicating a minor – but well within specs – system underperformance.However, the bias trend remains roughly constant throughout the period and reflects the reliable performance of this array. 

Lagrange array: As in Yonkers but more so, the relatively high satellite bias is matched to about half by the UPVG bias, indicating some degree of array underperformance. This bias remains fairly stable through the considered period, indicating no performance problem besides a small over-rating. The possible reasons for the difference between the UPVG and satellite biases were discussed above and include unaccounted for field of view obstructions, and an underestimated turbidity in the satellite model (a problem that will eventually be correctable). 
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Fig.4: Satellite predicted and measured POAI and PV output  for selected PV underperformance periods in Sacramento and Rosemount


4. DISCUSSION 

The results presented indicate that the satellite resource is capable of operationally detecting PV array performance shortfalls. The resource provides two performance evaluation tools: (1) large discrepancies (over 100 Wm-2) between satellite-simulated and actual PV output reliably point out to major array shortcomings; (2) the satellite bias trends over time, even if prediction is not always right on provide another troubleshooting tool. Any disruption in the bias timeline trend can be used to identify smaller problems -- note again that the agreement of the time line trends between UPVG and satellite MBES was remarkable for all the systems investigated. 

By providing checks on the reliability of PV performance, the satellite resource could also be used in some aspects of system metering. Of course, remote energy production metering is out of question, since the satellite alone cannot be used to guarantee the performance of a ground system -- some form of ground readout is necessary (e.g., monthly meter readout). But the satellite could be used to meter capacity credit assignable to a PV installation if its energy output matches the simulated expectation (the issue of capacity credit assignment for non-demand installations is discussed elsewhere in these proceedings [14]). Likewise, the satellite could be used for real time pricing metering purposes by providing a real time/site specific “dimension” to monthly energy production meter readings. 

In other respects, the analysis of short term errors confirmed previous analyses and the contention that time/site specific PV output predictions from satellites can be used with reasonable confidence to conduct regional PV-grid investigations including inquiries on peak shaving, grid penetration and outage mitigation [15]. 
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